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Bio-functionalization of tribocorrosion resistant 8 type Ti-based hybrid surfaces

Abstract

B-Ti alloys are known for their very low Young's modulus and biocompatibility, hence they are
considered as attractive metallic materials for long-term bone implant applications. However, 3-Ti alloys
are poor wear resistant and typically bioinert materials, thus their surfaces need to be modified to have
wear resistant and bioactive properties.

The present PhD work aimed at developing TiN rich and bio-functionalized surfaces on low
Young’s modulus B-type Ti alloys to improve mechanical, triboelectrochemical, and biological properties.
The B-type Ti-Nb alloys and TiN reinforced Ti-Nb composites were processed by both casting and powder
metallurgy routes. The bio-functionalization was performed by using different surface modification
approaches as anodic treatments and PVD coatings. The corrosion and tribocorrosion behavior of base
material as well as the biofunctionalized surfaces were evaluated by using the electrochemical and
triboelectrochemical methods in physiological solutions at body temperature.

The results showed that the cast and P/M B-type Ti-Nb alloys present a poor degradation
behavior as compared to both the a+B-type Ti-Nb and commercial Ti-6Al-4V alloys. The adhesion,
corrosion, and tribocorrosion behavior of the nanotubular layer formed on B-type Ti-40Nb alloy were
drastically improved after a second-step anodic treatment in fluoride-free electrolyte due to the formation
of an additional oxide layer in the interface, followed by heat treatment that yielded the transformation
from amorphous to mixed anatase and rutile. On the other hand, the Ti-40Nb reinforced with TiN particle
and further functionalization by two-step anodic treatment followed by heat treatment significantly
improved the degradation behavior of the composites when compared with unreinforced alloy due to the
load-carrying role of the hard reinforcement phases that gave support to the functionalized surface layer.
In the case of ZnO/TiN coated Ti-12Nb alloy, results indicated that double-layer coated samples showed
better degradation resistance compared to uncoated and single TiN coating samples. Particularly, a novel
multi-functional material has been developed by hard TiN particle reinforcement following by bio-
functionalization of its surface suggested as solution to overcome the pointed clinical limitations of load-
bearing implants.

Keywords: B-type Ti alloys; Metal matrix composites; Corrosion; Tribocorrosion; Bio-functionalization






Biofuncionalizagao de superficies hibridas de ligas de B-Ti resistentes a tribocorrosao
Resumo

As ligas B-Ti s@o consideradas um material promissor para aplicagdes ortopédicas devido ao seu baixo
modulo de Young e biocompatibilidade. No entanto, estas ligas apresentam uma baixa resisténcia ao
desgaste e sao, normalmente, bioinertes, sendo por isso necessario proceder a modificacdo das suas

superficies de forma a torna-las bioativas e resistentes ao desgaste.

Este trabalho teve como objetivo a bio-funcionalizacado de superficies ricas em TiN em de ligas
B-Ti de baixo médulo de Young, de forma a melhorar as propriedades mecanicas, triboelectroquimicas
e biolégicas. As ligas B Ti-Nb bem como os compositos Ti-Nb reforcados com TiN foram produzidas por
metalurgia dos pds e por fundicédo. A bio-funcionalizacao foi efetuada recorrendo a diferentes técnicas,
tais como tratamentos de anodizacao e deposicdo por PVD. O comportamento a corrosao e tribocorroséo
dos dos materiais base e ap6s a sua bio-funcionalizacéo foi avaliado recorrendo a técnicas eletroquimicas

e triboelectroquimicas em solucdes fisioldgicas a temperatura corporal.

Os resultados mostram que as ligas 3 Ti-Nb e Ti-6Al-4V (comercial) apresentam melhor
resisténcia a degradacao que as liga 3-Ti. A adesao, o comportamento a corrosao e tribocorrosao da
camada de nanotubos de TiO. formados na liga B Ti-40Nb foram significativamente melhoradas ap6s
um segundo tratamento de anodizacdo seguido de tratamento térmico, devido a formacao, entre o
material de base e a camada nanotubular, de uma camada adicional de 6xido e a transformacao da fase
amorfa numa mistura de anatase e rutilo. O comportamento a corrosao e tribocorrosao dos compositos
Ti-40Nb/TiN bio-functionalizados por anodizacdo em dois passos seguido de tratamento térmico é
francamente superior ao da liga Ti-40Nb devido ao efeito de transferéncia de carga das particulas de
reforco que dao suporte a camada funcionalizada. Por outro lado, a dupla camada ZnO/TiN depositada
na liga Ti-12Nb resulta numa melhor resisténcia a degradacdo em comparacao com a liga base ou com

o revestimento de TiN.

O novo material multifuncional, desenvolvido através de reforcos de particulas duras de TiN
seguido de bio-funcionalizacao de sua superficie, surge como uma solucao que pode ultrapassar
limitacOes clinicas apontadas aos materiais tradicionalmente usados em implantes.

Keywords: Ligas [-Ti; Compésitos de matriz metalica; Corrosao; Tribocorrosao; Bio-

funcionalizacao
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Chapter 1: General

introduction




1.1. Motivation

The global hip replacement implants market size was estimated at USD 5.56 billion in 2018 and
is predicted to grow with the rate of 4.7% over the forecast period. Some major growth propelling factors
for the market is an increase in demand for hip replacement surgical procedures, a rise in the geriatric
population, and a high prevalence of lower extremity conditions resulted from osteoarthritis, osteoporosis
and hip ailments [1,2]. For instance, according to a report by Osteoarthritis Research Society
International, around 130 million people globally will suffer from Osteoarthritis by 2050 [2]. In an
immortal case, all hip replacements will eventually fail because of processes such as infection, fracture,
or a combination of normal tribological and biological processes, such as loosening and wear [3]. Also,
the long-term survivorship of the total hip replacement is increasingly relevant due to rising the life
expectancy. The main ultimate aim has not been achieved that is all hip replacements provide normal

pain-free function for the rest of the recipients' lives [4].

Ti and its alloys are the most attractive metallic biomaterials used in biomedical applications due
to their high strength, excellent corrosion resistance and good biocompatibility. However, there are still
some major clinical issues, namely, (i) the mismatch between Young’'s modulus of bone and implant
material, (ii) low tribocorrosion resistance, and (iii) lack of bioactivity. The mostly used a-type and
a + B-type Ti based implant materials have Young's modulus around 100-120 GPa, whereas Young's
modulus of bone varies in a range of 4-30 GPa [5,6]. The difference between Young's modulus of the
implant and bone lead to bone resorption and eventually implant loosening, so-called stress shielding
[7]. Poor tribocorrosion properties raising a particular concern for biomedical load bearing implants since
they are in contact with corrosive body fluids and being subjected to relative movements resulting in the
subsequent release of metallic ions and wear debris to the body, which can cause osteolysis and
eventually implant failure [8]. Ti-based alloys are bioinert materials, however, their bioactivity can be
improved through suitable surface modifications. In order to overcome these issues, 3-Ti alloys are being
developed, which are known for their low Young’s modulus, non-toxicity and favorable biocompatibility
[9]. Moreover, studies are being performed on those alloys in order to improve their mechanical,
tribological and biological properties by applying various surface modification techniques. Regarding the
stress shielding effect, the porous surfaces have been produced to decrease the Young’s modulus
mismatch. In case of low tribocorrosion behavior, the hard material coatings and Ti-based metal matrix
composites (MMCs) have been studied. In order to improve biological properties of Ti and its alloys, bio-
functionalization techniques have been carried out such as hydroxyapatite (HA) coatings and

electrochemical treatments intending for creating nanotubular or porous oxide surfaces having bioactive
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and/or antimicrobial agents. However, those individual approaches are lacking to provide a complete
solution by failing on some points, such as the poor adhesion to substrate and the brittleness of the hard
coatings, weak mechanical properties of porous metallic structures, low bioactivity on the hard ceramic

phase reinforced MMC structures.

B-type Ti alloys are considered as a promising biomaterial for various orthopedic applications,
however, lack of bioactivity and low tribocorrosion resistance are still major concerns. The present PhD
work hypothesize that bio-functionalized TiN rich surfaces developed on low Young’s modulus [-type Ti
alloys can provide improved mechanical, triboelectrochemical and biological properties as compared to
Ti and its alloys (Fig. 1). To validate this hypothesis, the main aim of this project was to build a bio-
multifunctional material, based on low Young’s modulus -Ti alloys with hybrid bioactivated TiN rich hard

surfaces.

The main innovative objectives intended to point the validation process of the main hypothesis are listed

below:

0,

¢+ Bio-functionalization of MMCs and TiN thin film surfaces by using electrochemical treatment and
PVD treatment, respectively, through incorporation of bioactive agents such as calcium,
phosphorus and ZnO.

+* Investigation of degradation mechanisms of bio-functionalized hybrid surfaces and TiN\ZnO

coated surfaces.

Thus, this PhD work expects at finding solutions to the major clinical concerns related to the Ti-based

implant materials (Fig. 1), namely;

*

+* The stress shielding effect is aimed to be reduced by using low Young's modulus Ti-Nb alloys.

+»+ Low tribocorrosion resistance is aimed to be increased by tribocorrosion-resistant hybrid
surfaces.

¢+ Lack of bioactivity is aimed to be improved by surface bio-functionalization, as well as by the

incorporation bioactive agents.

1.2. Structure of thesis

This thesis is composed of 11 chapters. A schematic diagram of the summarized objectives
together with research lines and chapters are presented in Fig. 1. Two research lines were carried out
as “Bio-functionalized MMC” and “Bio-functionalized hybrid coating” in order to overcome the pointed

limitations for load-bearing implants.



In order to better understand the structure of thesis, a brief overview of each section and their

connections explaining as below.

The main goal of Chapter 1 is to introduce the motivating factors that inspired the development

of this project. Also, the innovative objectives pointed out together with the main hypothesis of this thesis.

Chapter 2 presents the current state of scientific knowledge on the relevant topics related with
this thesis. In this chapter, an overview was presented to the available surface functionalization
techniques to improve the biological properties of [-Ti alloys. Mechanical, physical, chemical, and
electrochemical treatments, as well the immobilization of bio-functional molecules were discussed. The
proper surface modification techniques were addressed in order to improve the bioactivity,
biocompatibility, haemocompatibility, wear and/or corrosion, behavior of the B-Ti. This paper is published

in Journal of Bio- and Tribo-Corrosion (2020).

Chapter 3 investigates the corrosion and tribocorrosion behavior of Ti-Nb alloys processed by
powder metallurgy. The sintering time and the addition of Fe, being one of the most efficient 3 stabilizer
alloying element, in Ti-Nb alloy was studied under different tribocorrosion environments. This paper is

published in Metallurgical and Materials Transactions A (2020).

Similarly, the corrosion and tribocorrosion behavior of the cast alloys was reported in Chapter 4.
The investigation of corrosion behavior of cast Ti-Nb alloys compared with the commercial Ti-6Al-4V alloy
through an immersion period of 21 days. Also, the tribocorrosion behavior was investigated under open-
circuit potential by using a ball-on-plate tribometer. Subsurface of wear track was studied and possible

wear mechanisms for each alloy was illustrated. This paper is published in Corrosion Science (2020).

As a comparison of the processing method, Chapter 5 investigates the corrosion and
tribocorrosion behavior of Ti-12Nb alloy processed by casting and sintering, and compares the results
with the commercial Ti-6Al-4V alloy. Different electrochemical techniques were used to access the
corrosion behavior. Tribocorrosion behavior was studied at open circuit potential under continuous and
intermittent sliding, and at anodic potentiostatic condition under continuous sliding. This paper is

published in Corrosion Science (2020).

Based on the scientific knowledge acquired from Chapters 3, 4 and 5, Chapter 6 aimed to form
TiO~based nanotubular surfaces on Ti-40Nb alloy to improve its tribocorrosion behavior. The corrosion

and tribocorrosion behavior of TiO~based surfaces was investigated. Also, a promising method to develop



TiO~based nanotubular surfaces on Ti-40Nb alloy with enhanced adhesion and improved tribocorrosion

was proposed. This paper is published in Applied Surface Science (2020).

Chapter 7 is related to another common surface modification method, TiN coating, to improve
wear resistance of B-Ti alloys. Before performing directly on novel alloys, initially the corrosion and
tribocorrosion behavior of TiN thin films produced by RF sputtering on commercial Ti, and the influence
of the deposition time on the tribocorrosion mechanisms was studied by characterizing worn surfaces

and sub-surfaces. This paper is published in Surface Coatings and Technology (2019).

In Chapter 8, a novel multi-functional material has been aimed to be developed by incorporation
of hard TiN particle reinforcement following by bio-functionalization through Ca and P rich oxide layer in
order to overcome not only on the poor tribocorrosion behavior but also lack of bioactivity of 3-Ti alloys.
Also, corrosion and tribocorrosion behavior of this multi-functional material was investigated in phosphate
buffer solution (PBS) at body temperature. This paper is published in Surface Coatings and Technology
(2021).

In Chapter 9, another a novel multi-functional material has been intended to be developed
through TiO--based nanotubular surface formation on TiN reinforced B-type Ti4ONb alloy. The corrosion
and tribocorrosion behavior were investigated in PBS at body temperature. While corrosion behavior was
studied by using open circuit potential, potentiodynamic polarization, and electrochemical impedance
spectroscopy, tribocorrosion behavior was evaluated by reciprocating against an alumina ball during 2 h

under normal load of a 0.5 N at open circuit potential. This paper is submitted to Corrosion Science.

As a following study of Chapter 7, the ZnO and TiN coatings performed on Ti-12Nb alloy is
presented in Chapter 10. The adhesion and degradation behavior of duplex layer coating on Ti-12Nb
alloy was investigated. This paper is published in Surface and Coatings Technology (2021).

The main outcomes and relations between the eight previous chapters described as a general
discussion in Chapter 11. Also, the main conclusions are given together with proposed future works for

further improvement of this project.



Fig. 1.1. Schematic diagram of the summarized objectives together with research lines and chapters.
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Abstract

B-Ti alloys are known for their very low Young’'s modulus, excellent physical properties, and
biocompatibility, hence they are considered as attractive metallic materials for long-term bone implant
applications. However, B-Ti alloys are poor wear resistant and typically bioinert materials, thus their
surfaces need to be modified to have wear resistant and bioactive properties. In this paper, an overview
is given to the available surface functionalization techniques to improve the biological properties of -Ti
alloys. Mechanical, physical, chemical, and electrochemical treatments, as well the immobilization of bio-
functional molecules are discussed. Bioactivity, biocompatibility, hemocompatibility, wear and/or
corrosion, behaviour of the 3-Ti alloys can be improved by using a proper surface modification technique,
by altering the surface composition and topography or removing the undesired material from the alloy

surface.

Keywords: {3 type Titanium alloys, Surface modifications, Bio-functionalization, Biomedical implants



2.1. Introduction
Several biomaterials are available for being used as implant materials, such as metals (stainless
steel, Co-based alloys, Ti and its alloys), ceramics (alumina, zirconia, calcium phosphates), and synthetic
or natural polymers [1]. In the last few decades, metallic biomaterials have been extensively used in
biomedical applications mainly due to their excellent mechanical properties [2]. Among those, Ti and its
alloys are considered as the most suitable biomaterials owing to their high strength, excellent corrosion

resistance, and biocompatibility [3-5].

Ti alloys are classified as a, B, near-a, a+f3, and metastable 8 phases [6]. In this context, the
alloying elements are grouped into three categories: a-stabilizers such as Al, O, N, C, B-stabilizers such
as Mo, V, Fe, Cr, Ni, Co, Nb, Ta, Mn, and neutrals such as Sn and Zr [5]. The a and near-a Ti alloys
have good fracture toughness and corrosion resistance but have limited mechanical strength. On the
other hand, the a+[ Ti alloys exhibit higher strength, higher ductility, and higher low-cycles fatigue
strength [5]. a+[3 type Ti-6Al-4V alloy (ASTM F1108) is the most popular Ti alloy and has been used for
producing orthopaedic prostheses and dental implants due to its excellent specific strength, corrosion
resistance, and biocompatibility [7]. However, ions of the alloying elements have been linked with various

health problems such as neurological diseases and cytotoxic effects of Al and V, respectively [8-13].

Widely used a-type and o+[B-type Ti-based implant materials have Young’s modulus values
around 100-120 GPa, whereas Young's modulus of bone is 5-6 times lower than those materials
[14-16]. The Young’s modulus of human cortical bone is about 15-20 GPa, more specifically, the
Young’s modulus of the fibula is about 15-20 GPa, the humerus is about 15-16 GPa, the tibia is about
16-19 GPa and the femur is about 13-15 GPa [17]. The difference in Young’s modulus between implant
and bone causes the unbalanced distribution of stress on bone leading to bone resorption. Therefore, it
causes poor osteointegration which may subsequently lead to loosening or failure of the implant [18-
20]. This mechanism, that is known as stress-shielding and it can be minimized by using an implant

material having Young's modulus closer to the bone.

Ti alloys with low Young’s modulus have been developed by using biocompatible, non-toxic (3-
stabilizers elements such as Nb, Zr, Ta, Mo [4,14,21-29]. Niinomi ef a/. [3] and Abdel-Hady et a/. [30]
reported that Young's modulus can be significantly reduced by adjusting the concentration of 3-stabilizing
elements. As reported by previous studies [31,32], the B-type Ti alloys especially with Nb contents have
been received attention and investigated extensively because of non-toxicity, good biocompatibility, also,

better cell adhesion, proliferation, and differentiation /n vifro. During the last two decades, many novel
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non-toxic and allergy-free B-Ti alloys have been produced with displaying superior corrosion resistance
and good biocompatibility along with their low Young’s modulus [33-35]. Some of 3-Ti alloys, such as
Ti-29Nb-13Ta-4.6Zr, include high cost, non-toxic and allergy-free elements such as Nb, Ta, Zr and Mo
[36]. Thus, instead of these rare and expensive elements, low-cost elements such as Fe, Cr, Mn, and Sn
are also used to produce low Young’s modulus B-Ti alloys, like Ti-Mn-Fe [37] or Ti-Sn-Cr [38]. The load-
bearing implant materials are expected to exhibit a combination of high strength and low Young’s
modulus [39], however, the lowest Young’'s modulus B-Ti alloys also have poor yield and tensile strength
because, in general, these alloys are produced under solutionized conditions [40]. Therefore, the strength
of B-Ti alloys needs to be increased while keeping their Young’s modulus, in order to improve the
performance of the implants. Some available techniques to increase the strength are cold working [41],
accumulative roll bonding [42], aging treatment, spark plasma sintering (SPS), and plastic deformation
(especially high-pressure torsion) [43-47]. Datta et a/. [48] used a predictive model and showed that
increased content of 3-stabilizers could reduce the strength of the B-Ti alloys. The incorporation of some
[-stabilizers may also increase the strength of the alloys, as in the case of Ti6AI4V that presents higher
strength as compared to cp-Ti. Also, the incorporation of Ta to Ti-Nb-Zr increase tensile strength and
decrease Young's modulus [28]. Nevertheless, the incorporation of elements does not always improve
the mechanical properties of 3-Ti alloys like in the case of incorporation of Sn to Ti-Nb which drastically
decreases the tensile strength [39]. On the other hand, solid solution strengthening by oxygen is also
effective in improving the strength of 3-Ti alloys as maintaining their low Young’s modulus [49]. Niinomi
and Nakai [50] reported that a small content of oxygen resulted in an increase in the strength, however,
it also led to an increase in Young’'s modulus for Ti-29Nb-13Ta-4.6Zr alloy.

Surface degradation of implants is one of the most important drawbacks for long-term
implantation in the human body. When a metallic implant inserted into the human body, it can release
metallic ions due to corrosive conditions [51]. Ti presents superior corrosion behaviour due to the
spontaneously formation of a very stable oxide layer (passive film) on its surface. This passive film
protects the implant materials against corrosion, reduces the release of metallic ions, and it is responsible
for good biocompatibility. However, the corrosion behaviour of B-Ti alloys is determined by the role of -

stabilizing elements on the passive film.

Ti-Nb alloys have a great interest because of good biocompatibility and corrosion behaviour. Ti-
Nb has better corrosion behaviour than cp-Ti [52,53] and Ti-Mo [54]. Moreover, minor incorporation of

Ru [55], In [56], and Sn [57] is reported to improve the corrosion behaviour. However, the commercial
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Ti-6Al-4V alloy presented better corrosion resistance than Ti-40Nb alloy through an immersion period of
21 days in NaCl solution that attributed to the formation of a more stable and thicker passive film [58].
The contribution of Zr, Ta, Mo, etc. [ stabilizers in Ti-Nb alloys improved their corrosion behaviour in
different physiological solution through the formation of a mixed passive oxide layer that had been
reported to be more stable [59-67]. Ti-Mo, Ti-Zr, and Ti-Ta based {-Ti alloys are also popular alloys
thanks to their unique properties such as non-toxicity, good mechanical properties, and relatively better
corrosion resistance [68,69]. Binary Ti-Mo [70-72], Ti-Zr [73-75], and Ti-Ta [76-78] alloys presented
better corrosion resistance than cp-Ti in different solutions, while the ternary and multi-nary of these

alloys exhibited further improvement in their corrosion behaviour [79-82].

Tribocorrosion is defined as an irreversible degradation process on the material surfaces
subjected to the combined action of wear and corrosion [83]. Ti alloys are shown to possess poor wear
resistance being a limiting factor in many applications [84,85]. Although it is known that the total
degradation rate after tribocorrosion can be different than the sum of the individual corrosion and wear
rates, the literature reporting the synergistic interactions between corrosion and wear on 3-Ti alloys is
still scarce. Cvijovic-Alagi¢ ef al. [86] investigated the tribocorrosion behaviour of Ti-13Nb-13Zr alloy in
comparison with Ti-6Al-4V in Ringer’s solution and found that Ti-13Nb-13Zr alloy had a substantially
lower wear resistance than Ti-6Al-4V alloy. Similar behaviour was reported for Ti-40Nb alloy tested in 9
g/L NaCl solution [58]. On the other hand, Correa ef a/. [87] compared the tribocorrosion behaviour of
Ti-15Zr-7.5Mo and Ti-15Zr-15Mo B-Ti alloys and reported a better behaviour for the Ti-15Zr-7.5Mo alloy.
More et al. [88] studied the tribocorrosion behaviour of Ti-12.5Mo, Ti-13Nb-13Zr and
Ti-29Nb-13Ta-4.6Zr B-Ti alloys and Ti-6Al-4Fe o+[3-Ti alloy against polyethylene in Hank’s balanced
salt solution. The authors reported that the B-Ti alloys induced lower wear damage on the counter
material. Besides, the addition of synovial fluid constituents (bovine serum albumin, hyaluronic acid, and
dipalmitoylphosphatidylcholine) increased the wear volume loss on the Ti-29Nb-13Ta-4.6Zr alloy. Pina
et al. [89] studied the influence of Sn addition on the tribocorrosion behaviour of Ti-Nb based {3 alloy and
reported that Sn addition resulted with an increased wear volume loss in phosphate buffered solution

(PBS).

In order to improve the integration of bone and tissue, several surface modification techniques
have been used to tailor the topography [21,90-95]. When the properties of the implant surface can
mimic the physical and chemical properties of the biological structure, tissue and implant surface

integration is accomplished by adhesion, spreading and proliferation of cells on the implant surface [96].

12



On the other hand, coatings improve the surface properties including the hardness, wettability, elastic
strain, coefficient of friction, and wear resistance. Coating materials used in joints replacement are
fabricated by physical and chemical vapor deposition (PVD and CVD, respectively), electrodeposition, and
ion implantation [97-101]. On the other hand, owing to their unique wear and tribocorrosion properties,
metal matrix composites (MMCs) can be considered for orthopaedic and dental implants as a coating
material or as a functionally graded material (FGM) [102-109]. Besides, nanostructured surfaces have

also been studied to achieve better adhesion between the biomedical application and tissue [110-115].

B-Ti alloys considered as promising metallic materials for long-term bone implant applications.
However, these alloys have some limitations such as poor wear resistance, still higher Young’s modulus
compared to that of the bone, and lack of bioactivity. Therefore, a focus is given on both producing new
B-Ti alloys, and improving their mechanical, tribological, electrochemical, triboelectrochemical, and
biological properties. So, the studies on -Ti alloys, particularly bio-functionalization studies are very
important for the future improvements. Hence, this review aimed at gathering and summarizing the
available state-of-art techniques to bio-functionalize the [B-Ti alloys in order to obtain multifunctional

implants.

2.2. Biofunctionalization of B-Ti alloys

Metallic biomaterials have an attractive combination of high durability, high toughness, non-
toxicity, and high strength. However, metallic biomaterials are typically artificial materials, therefore, their
surfaces need modification to gain bioactive properties. The biomaterial surface plays an extremely
significant role when interfacing with the biological environment (neutral tissue). Ti-based implants usually
manufactured by melting, casting, forging, heat treatment, and oxidation which usually lead to a
contaminated surface layer that is often stressed and plastically deformed, and non-uniform. Such native
surfaces are not suitable for biomedical applications and some surface treatments should be performed.
At the same time, different bio-functions are required depending on the intended implant location to
achieve biological integration. For example, blood compatibility (hemocompatibility) is very important for
blood-contacting biomedical devices such as stent and catheter, whereas osteointegration is a crucial
parameter for bone applications. When a metallic biomaterial is implanted into a blood-contacting
location, the first rapid event takes place is the blood protein adsorption leading to structural alterations
that allow biological interactions. Thus, over time, a built-in protein layer is formed that affects the
interaction of platelets, the adhesion, and aggregation of platelets. Concerning bone applications

(orthopaedics and dentistry), once the implantation procedure occurs, the implant surface is wetted and
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the biologically active molecules (such as proteins) are adsorbed quickly followed by the osteoprogenitor
cells that would regenerate the tissue [116]. The two main factors affecting osteointegration are the
mechanical properties of the implant and the biological interactions with the metal surface, being the
second the most relevant. Another important reason for the surface modification is to increase the
corrosion and wear resistance of the metallic biomaterial. As a result, bioactivity, biocompatibility,
haemocompatibility, wear, and corrosion resistance of the metallic biomaterials can be improved by
surface modification, altering the surface chemical composition, topography, and crystal structure or
removing the undesired material from the metallic biomaterial surface. For this purpose, many
techniques have been applied for the surface modification of metals, some of which have also been
commercialized.

Itis clear that a biomaterial response is dependent on its biocompatibility and surface properties.
In the literature, the bio-functionalization of metallic biomaterials, especially Ti and Ti-6Al-4V has been
extensively studied and it is still being researched as recently reviewed by Su ef a/ [117]. Despite the
combination of their unique features, 3-Ti alloys need to be bio-functionalized in order to increase tissue
adhesion and implant integration, to decrease bacterial adhesion, and inflammatory response or to avoid
the foreign body response. In the following sections, the surface modifications that are investigated for

[B-Ti alloys are discussed. These treatments are being applied individually or as a combination.

2.2.1. Mechanical treatments

The biomechanical properties and bioactivity of the implant surface can be improved by
mechanical treatments, overviewed in Table 2.1, yielding with the nanostructured and ultrafine-grained
surface with enhanced strength. Electric discharge machining (EDM) has been widely studied on cp-Ti
and Ti-6Al-4V alloy to improve their hardness, corrosion and wear properties [118]. In the case of B3-Ti
alloys, the Ti-35Nb-7Ta-5Zr alloy has been studied by powder mixed electrical discharge machining
(PMEDM). A schematic diagram of the PMEDM process and examples for the resulting microstructures
on Ti-35Nb-7Ta-5Zr alloy is given in Fig. 2.1. PMEDM treated alloy presented better hardness, corrosion
resistance, cell adhesion, cell spreading, and cell differentiation compared to the unmachined one,

attributed to the formation of a nanoporous recast layer [119-123].
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Table 2.1. Overview of mechanical treatments applied for 3-Ti alloys.

Methods

Objectives

Alloys applied

Powder mixed electric
discharge machining
(PMEDM)

Fabricating a 3-18 um
nanoporous recast layer

Ti-35Nb-7Ta-5Zr [122-126]

Surface mechanical
attrition treatment
(SMAT)

Producing rough and hard a
gradient nanostructured
material

Ti-30Nb-8Zr-0.8Fe [127]
Ti-34Nb-2Ta-0.50 [128]
Ti-25Nb-3Mo-3Zr-2Sn [129]
Ti-bAI-2Sn-2Zr-4Mo-4Cr [130]
Ti-25Nb-3Mo-2Sn-3Zr [131]
Ti-32Nb-2Sn [132]

Ultrasonic nanocrystal
surface modification
(UNSM)

Inducing severe plastic
deformation at the surface to
generate a gradient
nanostructured surface

Ti-29Nb-13Ta-4.6Zr [133-135]

High pressure torsion
(HPT)

Obtaining ultrafine-grained
metallic materials to increase
the mechanical strength and

decrease or retain Young's

modulus

Ti-29Nb-13Ta-4.6Zr [43,136-138]
Ti-13Nb-13Zr [139,140]
Ti-24Nb-4Zr-8Sn [141,142]
Ti-45Nb [143]

Ti-15Mo [144,145]

Ti-20Mo [146]
Ti-24.6Nb-5Zr-3Sn [147]
Ti-19.6Nb-4.5Ta-2.4Cr [147]
Ti-19Nb-7Mo-14Zr [148]
Ti-28Nb-8Mo-12Zr [148]
Ti-35Nb-7Zr-5Ta [149]

Accumulative roll
bonding (ARB)

Production of metallic
materials with ultrafine
grained microstructure to
improve mechanical
properties

Ti-10Zr-5Nb-5Ta [150,151]
Ti-25Nb-25Ta [152,153]
Ti-25Nb-3Zr-3Mo-25n [154,155]

(a)

Dielectric media

T
Numeric
control || -

Fig. 2.1. Figure a) Schematic diagram of PMEDM process and examples for the resulting

microstructures on Ti-35Nb-7Ta-5Zr alloy b) before and c) after treatment (adapted from [122] with

permission from Springer).




The surface mechanical attrition treatment (SMAT) is a method that can be used to tailor the
mechanical and tribological properties of a surface [124,125]. The SMAT device mainly consists of a
vibration generator and a treatment chamber having balls as shown in Fig. 2.2a. The SMAT treatment
was reported to improve the corrosion resistance, fatigue resistance, osteointegration, and
hemocompatibility due to nanocrystallization of the cp-Ti surface [126]. Regarding B-Ti alloys, SMAT
treated Ti-30Nb-8Zr-0.8Fe alloy having 3 grains around 150 um (Fig. 2.2b) modified to a nanocrystalline
structure having grains of several tens of nanometres (Fig. 2.2c) that led to an increase on the surface
hardness [127]. The increased hardness of the surface decreased the wear rate of materials, such as
the reduction of the fretting wear rate of Ti-34Nb-2Ta-0.50 alloy immersed in a 20% fetal bovine serum
solution (pH = 7.4) [128]. The corrosion behaviour of Ti-25Nb-3Mo-3Zr-2Sn and Ti-34Nb-2Ta-0.50 alloys
in SBF solution was improved after SMAT treatment associated with the formation of a denser passive
oxide layer resulted from the grain refinement [128,129]. However, corrosion resistance of
Ti-bAI-2Sn-2Zr-4Mo-4Cr alloy in 3.5% NaCl solution was decreased after SMAT treatment due to residual
internal stress created from the treatment process [130]. The authors reported that stress relief heat
treatment of 250 — 350 °C can significantly improve the corrosion resistance of SMAT treated alloy. In
vitro cell culture studies indicated a significant improvement in cell adhesion, proliferation, differentiation,
extracellular matrix mineralization, and protein absorption of SMAT treated Ti-25Nb-3Mo-2Sn-3Zr alloy as
compared to the non-treated alloy due to its superior hydrophilicity, nanostructured surface, and

increased surface roughness [131].

(b)

Vacuum Vacuum
(a)

LS
® Steel balls

Vibration generator

Fig. 2.2. a) Schematic diagram of SMAT process and representative microstructures on
Ti-30Nb-87r-0.8Fe alloy b) before and c) after treatment (microstructure of alloy was taken from [127]

with permission from Elsevier).

Ultrasonic nanocrystal surface modification (UNSM) is a novel method to induce severe plastic
deformation at the surface in order to generate a gradient nanostructured surface layer on metallic
materials. The process uses super-encapsulated ultrasonic vibration on the combination of static and
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dynamic loads to create high-strain-rate plastic deformation on a material surface (Fig. 2.3a) [132].
Kheradmandfard ef a/. [133] applied the UNSM process to a Ti-29Nb-13Ta-4.67Zr alloy and obtained a
significant increase on the surface hardness (= 385 HV) as compared to the untreated alloy (190 HV)
owing to the surface structure having nanoscale lamellae and nanostructured subgrains (Fig. 2.3b), along
with high dislocation density and o precipitates. The authors also reported that UNSM treated
Ti-29Nb-13Ta-4.6Zr alloy presented significantly better wear resistance, cell adhesion, spreading, and
proliferation attributed to both nanoscale grain refinement and micro-patterned surface effects (Fig. 2.3c)
[134].

(a)

Ultrasonic
vibration

Fig. 2.3. a) Schematic diagram of the UNSM process (adapted from [132]) and representative resultant
surfaces on a Ti—-29Nb-13Ta-4.67r alloy: b) SEM image, c) laser scanning microscope image

(adapted from [133] with permission from Elsevier).

High-pressure torsion (HPT) is another commonly used severe plastic deformation technique to
obtain ultrafine-grained structure for improving mechanical properties, particularly hardness and ductility
as well as its bio-functionality [135-139]. A schematic diagram of HPT process is given in Fig. 2.4a
together with the representative microstructures on Ti-45Nb alloy before (Fig 2.4b) and after (Figs. 2.4c
and 2.4d) HPT deformation with 5 GPa pressure and n=5 rotation number, where the grain size was
reported to be decreased from around 20 pum to less than 100 nm [140]. As expected, HPT treatment
improved the mechanical and microstructural properties of different 3-Ti alloys [140-145]. Regarding
corrosion, HPT treated Ti-13Nb-13Zr alloy showed significantly higher corrosion resistance in artificial
saliva solution as compared to the untreated alloy associated with the grain size reduction to ultrafine
range [141]. However, the quantities of released ions from HPT treated Ti-13Nb-13Zr alloy were higher
than the quantities from untreated alloy, explained by its smaller grains, which was more prone to the
release metallic ions [146]. /n vifro cell culture tests revealed that the HPT treatment significantly
increased the cell attachment, spreading, and proliferation on the treated samples influenced by their

increased wettability due to their high internal energy given by the nano-sized grains having increased
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numbers of boundaries, interfaces, and dislocation density [141,142]. Furthermore, alkaline treatment
and the nanotubular layer formed on HPT treated [3-Ti alloys presented better bioactivity as compared to
the non-HPT treated one, explained by changing surface chemistry after chemical and anodic treatments
[145].
(a)

] #Pressure
— &

= Substrate [ ==

*P ressure

TorsionC*

Fig. 2.4. a) Schematic diagram of HPT process and representative microstructures: b) optical
microscope image of the initial Ti-45Nb alloy, ¢) dark and d) bright-field TEM images of the alloy after
HPT treatment under 5 GPa pressure and 5 rotation number (adapted from [140] with permission from

Elsevier).

Accumulative roll bonding (ARB) is another severe plastic deformation technique that has been
applied to different B-Ti alloys to improve their functionality through grain refinement [147-152]. The
studied B-Ti alloys presented better mechanical and corrosion behaviour as compared to the as-cast
alloys due to the formation of nano-sized refined grains. However, biological studies are needed to

understand the effect of ARB treatment on the bioactivity of -Ti alloys.

2.2.2. Physical surface treatments

Physical surface treatments of 3-Ti alloys including PVD, plasma spraying, plasma nitriding, gas
nitriding, and ion implantation treatments are overviewed in Table 2.2 and demonstrated in Fig. 2.5 with
the examples of surface and subsurface microstructural images. PVD processes are carried out in
vacuum and the material are coated with positively charged ions during the process, resulting with a very
strong bonding between the coating film and the substrate (Fig. 2.5c). The plasma spray process is the
spraying of molten or thermally softened material to the surface to provide a coating [153]. On the other
hand, ion implementation technique provides an easy control on the energy of ions, giving a good
adhesion between the coating layer and the substrate resulted from gradient film coatings as shown in
Figs. 2.5d and e. This technique allows to control the thickness of the coating, and eliminates the
contamination since the process is carried out in vacuum [153].

Hydroxyapatite (HA, Caw(PO.)s(OH).) is a bio-ceramic material having a very similar chemical and

crystallographic structure to human bone. HA has remarkably high biocompatibility thus it is used to
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improve the osteointegration process. However, its mechanical properties such as tensile strength and
fracture toughness are quite poor, making it unsuitable for load-bearing implant applications. Various
types of surface modification techniques have been used to deposit HA layers on Ti and its alloys, such
as plasma spraying, sol-gel method, electrochemical deposition, and radio frequency (RF) sputtering.
Zhao et al. [154] studied the microstructures, mechanical properties, and apatite-induction abilities of
HA/Ti composite coating Ti-24Nb-4Zr-7.9Sn -type alloy by plasma spraying. The authors reported that
the microstructure, mechanical properties, and apatite-induction ability were influenced by the HA/Ti
powders ratio used on processing. Also, the increase on Ti content led to an increase on the mechanical
properties, however, decreased the apatite-induction ability. Zhao et a/. [155] also studied the influence
of the processing temperatures on Ti-24Nb-4Zr-7.9Sn alloy surface after plasma sprayed HA coating and
reported that martensitic transformation and recrystallization influenced the mechanical properties
resulting with a slight increase in the tensile and yield strengths but also led to a significant increase in
Young's modulus (from 56.9 to 73.2 GPa). The main disadvantage of the plasma spraying technique is
the poor adhesion between HA and the substrate materials. In order to improve the adhesion between
HA and [-Ti alloys, some other techniques were also studied. He ef a/. [156] produced
Ti-13Nb-13Zr-10HA composites by spark plasma sintering process at sintering temperatures varying
between 950 and 1150 °C. The authors reported that mechanical properties of the composite, namely
compressive strength, yield strength, and hardness were increased with the increased processing temperature.
However, the processing temperatures above 1050 °C led to an intense reaction between Ti and HA increased
in the metal-ceramic reaction phases. Depending on the processing technique and processing temperature,
the thermal decomposition of HA during the processing of Ti-HA composites may lead to a decrease in the
corrosion resistance due to the formation of locally active sites on the HA-depleted zones [157]. However, if the
decomposition of HA is not observed, Ti-HA composite surfaces may increase the corrosion resistance. For
instance, Kim et a/. [158] studied the surface characteristics of Ti-HA composite coatings developed on
Ti-35Ta-xZr alloy surfaces having 3, 7, and 15 wt.% of Zr through RF and direct current (DC) sputtering
and reported that the composite layer improved the corrosion resistance of the bare alloy by forming a
stable barrier against corrosion.

The Al0—13TiO., ZrO: and the bilayered (ZrO./Al0s—13TiO.) nanoceramics coated by plasma
spray technique on Ti-13Nb-13Zr alloy in order to improve its corrosion and wear resistance [159,160].
The bilayered nanoceramic coating presented significantly higher corrosion resistance in Hank’s solution

and wear resistance in SBF solution attributed to the presence of a large number of melted particles
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compared to other ceramics where they presented unmelted and melted particles, lower porosity and
higher hardness for bilayered nanoceramic coating compared to other samples.

Titanium nitride (TiN) coatings by plasma nitriding, sputtering, gas nitriding, plasma immersion
ion implantation, and ion implantation treatments have been widely used to improve the corrosion and
wear behaviour along with the bioactivity of metallic materials. TiN has attracted attention due to its
excellent properties such as high hardness, chemical stability, biocompatibility, hemocompatibility, high
wear, and abrasion resistance. Because of these unique properties, TiN has been used on various
applications such as dental prostheses, orthopaedic implants (hip, knee, ankle joint), heart valve
prostheses, and dental surgery tools. The structure and biological properties of nitrogen treatment on
different 3-Ti alloys have been investigated [161-175]. Mohan et a/. [175] performed a plasma nitriding
treatment on Ti-15Mo-3Nb-3Al-0.2Si alloy using inductively coupled RF plasma and studied the corrosion
behaviour by electrochemical impedance spectroscopy (EIS), potentiodynamic polarization, and
immersion studies in Hank’s solution. It was found that the surface hardness of the nitrided samples
increased with increasing annealing temperature and hydrogen dilution. Although nitrided surfaces
presented lower corrosion resistance, nitrided samples with hydrogen dilution displayed higher potential
for apatite growth compared to that of the sample nitrided with 100% nitrogen and the uncoated one.
Gordin et al. [174] implanted nitrogen into Ti-25Ta-25Nb B-type alloy using an original ion implantation
technique based on the use of an electron cyclotron resonance ion source to produce a multi-energetic
ion beam from multi-charged ions. The corrosion resistance of the nitrogen implanted Ti alloy was
evaluated in SBF complemented by /n wiro cytocompatibility tests on human fetal osteoblasts. It was
found lower corrosion and ion release rate for the nitrogen implanted surface than for the non-implanted
one whereas /n vitro tests revealed a good level of cytocompatibility for both non-treated and nitrogen
implanted Ti-25Ta-25Nb alloy. A high temperature gas nitrided Ti-27Nb alloy also presented significantly
better corrosion resistance than the cp-Ti and untreated Ti-27Nb alloy in artificial saliva for different pH
values, together with a good level of bioactivity [161,168]. In wear point of view, the ion implantations,
plasma nitrided and gas nitrided methods are more beneficial than the PVD techniques mainly due to
the formation of a gradient hardened layer and the good bonding strength of the nitrided layer resulted
from the diffusion of nitrogen ions. For instance, the dense TiN coating deposited by sputtering presented
lower wear resistance as compared to a compact plasma nitrided layer associated with the hard
compound layer maintaining its integrity with the hardened nitrogen diffusion zone during the wear test
[165]. While nitriding improves the corrosion and wear resistance, gas nitriding in high temperature is

reported to cause low fatigue strength due to severe grain coarsening [162]. A possible approach to
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improve the tribological behaviour of the protective coatings can be achieved by increasing fracture
toughness and hardness with the replacement of monolayered coatings by multilayers. The multilayered
TiAIN/CrN coatings on Ti-45Nb alloy presented better wear resistance than the monolayered CrN and
TiAIN coatings in dry sliding condition attributed to their small grain size, high surface hardness and
adhesion resistance [166].

Another approach studied in the literature to improve the corrosion and wear behaviour of 3-Ti
surface is oxygen treatment by using plasma immersion ion implantation. Mohan and Anandan [176]
implanted oxygen ions into Ti-13Nb-13Zr B-type alloy by plasma immersion ion implantation and
investigated the influence of oxygen ion implantation on the apatite growth and corrosion behaviour in
Hanks' solution. Results showed that the implanted samples had a higher potential for inducing apatite
growth as compared to the untreated samples. Furthermore, the authors stated based on
potentiodynamic polarization and EIS studies that the implanted layer behaved like a near-ideal capacitor
with better passivation behaviour which can help in preventing the release of metallic ions from the
implant material. Furthermore, the implanted surfaces displayed a lower coefficient of friction during dry

sliding wear tests, as compared to the untreated samples.
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Table 2.2. Overview of physical surface modification methods applied for biomedical -Ti alloys.

22

Methods

Objectives

Alloys

Plasma spray

Gas nitriding

Plasma nitriding

PVD

Improving wear
resistance, corrosion
resistance and biological
properties

Ti-24Nb-4Zr-7.9Sn [154,155]
Ti-13Nb-13Zr [159,160]

Ti-27Nb [161,168]

Ti-16Mo [171]
Ti-15Mo-5Zr-3A1 [162]
Ti-15Mo-3Nb-3A1-0.2Si [170]

Ti-15Mo [164]
Ti-13Nb-13Zr [165]
Ti-15Mo-3Nb-3A1-0.2Si [163,175]

Ti-12Mo-6Zr-5Sn-0.4Fe [167]
Ti-13Nb-13Zr [298,309,310]
Ti-45Nb [166]
Ti-15Mo [164]

Ti-35Ta-xZr (x=3,7, and 15) [158]
Ti-13Nb-13Zr [165]

lon implantation

Plasma immersion ion
implantation (PIll)

Modifying surface
composition; improving
wear, corrosion
resistance, and
biocompatibility

Ti-25Ta-25Nb [174]
Ti-35Nb-7Zr-5Ta [172]
Ti-10Zr-10Nb-5Ta [173]

Ti-13Nb-13Zr [176]
Ti-15Mo-3Nb-3A1-0.2Si [311]

Glow discharge plasma

Obtaining a clean,
sterilize, oxide, nitride
surface;
removing the native oxide
layer

Ti-5Zr-3Sn-5Mo-15Nb [312]
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Fig. 2.5. a) Schematic illustration of physical surface functionalization with resultant images: b) cross-
sectional SEM image of plasma sprayed HA/Ti coating on Ti-24Nb-47r-7.9Sn (adapted from [154] with
permission from Elsevier), c) cross-sectional SEM image of TiN coated on Ti-13Zr-13Nb alloy using
cathodic arc physical vapor deposition (CAPVD) method (adapted from [298] with permission from
MDPI, d) TEM cross-section image of the nitrogen implanted Ti-35Nb-7Zr-5Ta alloy (adapted from [172]
with permission from Elsevier), e) cross-section SEM image of gas nitrided of Ti-15Mo-5Zr-3Al (adapted

from [162] with permission from Elsevier).

2.2.3. Chemical surface treatments

Chemical methods are attracting more attention owing to their lower cost, easier control and
stronger adhesion between bones and implant surfaces compared to the samples treated by mechanical
and physical methods. Through chemical surface modification, it is possible to provide direct bonding
between bone and the implant. Chemical surface treatments can be used to generate a nanopatterned
surface topography which is expected to be promising for the stimulation of bone tissue growth
(osteointegration of bone tissue) [177]. Acid treatment (HCI, H.SO., HNOs, and HF, or a combination of
them) is often used to remove the undesired material, to create a rough surface, and to obtain clean and
uniform surface finishes. The schematic representation of chemical treatments and representative
treated surfaces is given in Fig. 2.6, and the overview of chemical methods of (B-Ti alloys are given in

Table 2.3.
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Acid treatments commonly performed to clean metallic surfaces or surface roughening to
improve bonding quality of next coating layer or improve bioactivity of surfaces. The Ti-45Nb alloy surface
modified by sandblasting, followed by acid etching in different solutions, chemical treated in H.SO.:H:0:
(volume ratio of 1:1; piranha solution) with ice cooling resulted with a nanopatterned surface that stated
by the authors to be expected to stimulate bone cell interactions [178]. It has been reported significantly
prolonged etching duration for Ti-Nb alloy compared to cp-Ti and Ti-6Al-4V attributed to the excellent
chemical stability of Nb. Chemically treated Ti-40Nb alloy by piranha solution enhanced the adhesion
and spreading of human mesenchymal stromal cells, together with better metabolic and enzyme activity
[179]. However, chemically treated Ti-45Nb alloy presented lower corrosion resistance than untreated
alloy due to the alterations on the surface chemistry and increase on the exposure area resulted from
nanopatterning. Mlller ef a/. [180] investigated the influence of different acid-alkali treatments on
Ti-13Nb-13Zr alloy produced by powder metallurgy (P/M). The authors evaluated the rate of hydroxy
carbonated apatite (HCA) formation during /n vitro bioactivity tests in SBF. After etching the samples by
HCI, HF/HNO:/H.0 (1:6:18), H:PO., and then soaked in 10 M NaOH aqueous solution, the authors
reported that the rate of HCA formation was the highest for the samples etched in HCI.
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Table 2.3. Overview of chemical surface modification methods applied for 3-Ti alloys.

Methods

Objectives

Alloys

Acid treatment

Removing oxide scales and
contamination

Alkaline treatment

Hydrogen peroxide
treatment

Sol-gel treatment

Improving biocompatibility,
bioactivity
or bone conductivity

Ti-40Nb [179,187,313]
Ti-45Nb [178,314]
Ti-13Nb-13Zr [180,190]
Ti-15Mo-5Zr-3A1 [181]
Ti-15Zr-4Nb-4Ta [181]
Ti-35Nb-10Ta-1.5Fe [315]
Ti-27Nb-13Zr [316]
Ti-29Nb-13Ta-4.6Zr
[186,193,194,317,318]
Ti-24Nb-47r-8Sn [192,255]
Ti-5Mo-3Fe [189]
Ti-20Nb-13Zr [319]
Ti-15Mo [320]
Ti-16In-3Nb-4Ta [183]

Ti-29Nb-13Ta-4.6Zr [321-324]
Ti-15Mo [325]

Improving wear resistance,

Ti-29Nb-13Ta-4.6Zr [199]

CvVD corrosion resistance and Ti-13Nb-13Zr [326,327]
blood compatibility Ti-12Mo-6Zr-2Fe [328]
Ti-30Nb-1Fe-1Hf [213,218]
. . Ti-29Nb-13Ta-4.6Zr [196]
Hydrothermal Improving hgr_d_ tissue Ti13Cr-1Fe-3AI [196]
treatment compatibility

Ti24Nb-4Zr-7.95n [197,198]
Ti-25Nb-3Mo-3Zr-25n [199,329]
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Fig. 2.6. a) Schematic representation of chemical treatment process and representative treated surface
SEM images of b) HCI etched and c) subsequently immersed in NaOH surfaces of Ti-13Nb-13Zr alloy
(adapted from [180] with permission from Elsevier); SEM images of d) NaOH treated and e) piranha
etched surfaces of Ti-40Nb alloy (adapted from [187] with permission from Elsevier); f) representative

SEM image of HA-coated surface on Ti-29Nb-13Ta-4.6Zr by MOCVD (adapted from [195] with
permission from Elsevier); SEM image of a treated Ti-24Nb-47r-8Sn alloy surface in saturated Ca(OH):

solution boiled for 30 min (adapted from [198] with permission from Elsevier).

As abovementioned, HA has excellent bioactivity, but its application has been limited in clinics
due to its poor mechanical properties. Hence, the formation of a dense and uniform bone-like apatite
layer grown on Ti alloys through alkaline treatment and soaking in SBF has been attractively studied as
an alternative to HA coating techniques. A schematic illustration of apatite formation mechanisms in SBF
is given in Fig. 2.7. It may be expected that the precipitated apatite coatings from soaking in SBF will be
close to that of the biological apatite presents in human bone, where the SBF solution reproduces the
human blood plasma. After alkaline treatment, a = 1 um thick unstable sodium titanate layer is formed,
and by using heat treatment it is converted to a denser and mechanically stable layer. Acid and heat
treatment was not effective for inducing apatite formation on Ti-based alloy attributed to
enriched/remained alloying elements on their surfaces [181]. Also, while the chemical pre-treatments of
alloy surfaces have a slight impact on apatite morphology, they do not affect the deposition process and

its phase composition [182]. As can be seen from Fig. 2.7, during SBF soaking, the Ti-OH groups are
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formed resulted from the exchanged Na* and H:0- ions. The negatively charged Ti-OH groups are
combined with positively charged Cazions through electrical force and form calcium titanate. Similarly,
the positively charged surface combines with negatively charged phosphate ions to form amorphous
calcium phosphate, and apatite grows on the surface spontaneously by consuming the calcium and
phosphate ions. It is reported that apatite was grown more quickly on the B-Ti alloy than Ti-6Al-4V alloy
[183].

The structure and bioactivity of alkali and heat treatment of (3-Ti alloys have been investigated
[184-192]. Takematsu et al [186,193,194] performed three different alkali solution treatments
(electrochemical, hydrothermal, and hydrothermal-electrochemical) on Ti-29Nb-13Ta-4.6Zr alloy and
compared the bioactivities and other characteristics of the modified surfaces. The authors showed the
influence of the process to the surface morphology where electrochemical treatment resulted in a flat
surface, hydrothermal treatment resulted in a smooth and fine mesh-like structure, and hydrothermal-
electrochemical treatment led to a rough mesh-like structure. Moreover, apatite inductivity in SBF was
reported to be influenced by surface roughness and chemical composition where increased roughness
and decreased Nb content on the surface led to a higher apatite induction ability. Also, the authors
reported that a thicker oxide layer or presence of surface cracks decreased the adhesion strength, where
cracks usually initiated as a result of thermal stress.

It has been reported that alkali [184] and alkali-hydrogen peroxide [188] treated Ti-15Mo alloy
can induce bone-like apatite formation /7 vitro. The effect of alkali and hydrogen peroxide treatment on
the electrochemical and biological performance of the Ti-5Mo-3Fe alloy surface was evaluated by Kumar
et al. [189] and it was found that the alkali-treated alloy immersed in SBF solution exhibited notably
higher corrosion resistance when compared with untreated and hydrogen peroxide treated samples.
Furthermore, it was stated based on MG-63 /n wvifro cell culture studies that the alkali-treated samples
showed better cell adhesion and spreading compared to the untreated and hydrogen peroxide treated
samples. Zheng et al [192] performed alkali treatment for calcium phosphate coatings on
Ti-24Nb-47r-7.6Sn alloy and determined the adhesion and proliferation of rat osteoblast. The authors
found that both the adhesion and proliferation of osteoblast cells on apatite formed Ti-24Nb-4Zr-7.6Sn
were much better than on uncoated Ti-24Nb-47r-7.6Sn and cp-Ti.

Surface treatments with acid, alkali, hydrogen peroxide, and mechanical polishing, or a
combination of these treatments are being applied in order to improve the adhesive strength of HA films
[187]. Studies showed that the adhesive strength of such films can be improved by increasing the

roughness of the underlying substrate. Hieda ef a/. [195] investigated the effect of acid treatment and
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mechanical polishing treatments on the adhesive strength of HA films deposited on Ti-29Nb-13Ta-4.6Zr
alloy through metal-organic chemical vapor deposition (MOCVD) to increase the hard tissue compatibility.
The authors reported that the adhesive strength of the HA layers formed on Ti-29Nb-13Ta-4.6Zr
substrates treated with an HF solution significantly increased as compared to that of the HA film
deposited on a polished Ti-29Nb-13Ta-4.6Zr surface. Also, the HA films on Ti-29Nb-13Ta-4.67Zr
substrates treated with an H.SO. solution exhibited lower adhesive strength than HA films on
Ti-29Nb-13Ta-4.6Zr substrates treated with HF solution, regardless of the surface roughness of the
substrates. Additionally, it was reported that the nanoscale surface asperities contributed to the adhesive
strength, which was not observed for macroscale asperities.

The hydrothermal method is found to be very useful due to the formation of uniform coatings on
complicated shapes, low processing temperature, low cost, and particularly because of strengthening
the adhesion between the resultant coating and substrate. The surface wettability of implants is a crucial
factor in their osteoconductivity because it influences the adsorption of cell-attached proteins onto the
surface. In this respect, Zuldesmi ef a/. [196] compared the polished, hydrothermal treated, and anodic
treated surfaces of Ti and four different Ti alloys (Ti-6Al-4V, Ti-6Al-7Nb, Ti-29Nb-13Ta-4.67r, and
Ti-13Cr-1Fe-3Al). Hydrothermal treatment was performed in distilled water at 180 °C for 3 h whereas
anodic treatment was performed in 0.1 M H:PO. solution by applying potentials from 0 V to 150 V with
0.1 V st scanning rate. It was found that hydrothermal treatment increased the surface hydrophilicity of
all types of Ti alloys and the osteoconductivity of Ti alloys after hydrothermal treatment and immersion

in phosphate-buffered saline solution increased five times compared with that of the untreated samples.

Nanostructured TiO. coatings are found to be favourable for the early osteointegration and
biocompatibility due to their bioactivity. Liu ef a/ [197] studied the biocompatibility and early
osteointegration of nano-TiO. hydrothermally coated Ti-24Nb-4Zr-7.9Sn alloy compared with those of
uncoated Ti-2448. The biocompatibility was evaluated using MTT assays, the histocompatibility was
determined by observing the histological sections stained with HE (subcutaneous implantation,
endosseous implantation), and the early osteointegration was tested using the alkaline phosphatase
(ALP) activity and TGF-B1 expression. The authors reported an enhanced proliferation and
cytocompatibility on the functionalized surfaces based on the MTT results, and better histocompatibility
of the subcutaneous and endosseous implantation based on the /7 vivo studies. Zheng et a/. [198] studied
the functionalization of Ti-24Nb-4Zr-7.9Sn alloy by thermal treatment followed by hydrothermal
treatments in supersaturated Ca(OH). solution. The treatment resulted in a layer containing CaTiO;,

CaCO0;, Ca(OH)., and TiO., and the authors reported a formation of Ca—P layer after soaking in SBF for
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3 days. Tao et al [199] investigated the surface properties of the Ti-25Nb-3Zr-2Sn-3Mo alloy after
functionalization by a hydrothermal treatment in urea solution at temperatures varying between 105 and
170 °C, followed by a heat treatment at 400 °C. The authors showed that changes in temperature on
hydrothermal treatment affected the surface structure where nanosheet films of ammonium titanate were
observed after the treatment at 105 and 120 °C, whereas nanoparticle film of anatase TiO. containing
Nb.Os was formed at 150 °C. Moreover, the authors reported enhanced hydrophilicity on the
functionalized surfaces after water contact angle measurements around 68 and 10- for untreated and

treated alloys, respectively.

Soaking time
Formation of amorphous Formation of amorphous
calcium titanate calcium titanate

Before soaking in SBF

Formation of Ti-OH groups Formation of apatite

Fig. 2.7. Schematic illustration of the apatite formation mechanism on the surface of alkali and heat-

treated Ti-based alloy soaked in SBF.

2.2.4. Electrochemical surface treatments

Electrochemical processes are performed by chemical action on the metal surface under an
electric current passing through an electrolyte. The electrochemical setup and the examples of resultant
porous with volcano-like structure, nanotubular, and HA-containing layers are presented in Fig. 2.8. These
methods are simple and cost-effective, allowing the incorporation of bioactive elements, and can increase
the corrosion resistance of the modified materials owing to a more stable and thicker oxide layer formed
on the surface [200]. Oxide layers with different morphologies, thickness, roughness, wettability,
chemical compositions, and crystalline structures are formed on the substrates depending on the applied

voltage and electrolyte composition [201].
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Fig. 2.8. a) Schematic representation of the electrochemical surface modification set up, and the
representative resultant surfaces with process parameters: b) nanopores (adapted from [228] with
permission from Elsevier, c) nanotubes (adapted from [299] with permission from Elsevier), d) porous
oxide layer formed by MAO (adapted from [300] with permission from Elsevier), e) plate-like HA, and

f) needle-like HA (adapted from [187] with permission from Elsevier).

224 1.MA0

MAO treatment has been used by several authors to modify the surfaces of Ti and its alloys for
several biomedical applications. Rafieerad et a/. [202] reviewed the surface characteristics and corrosion
behaviour of calcium phosphate-based composite layers on Ti and its alloys via MAO treatment. The
authors concluded that the fabrication of bioactive surfaces to improve the osteointegration of Ti-based
implants is strongly recommended via MAO treatment. It is possible to obtain different morphologies,
microstructures, thickness, and crystalline structures of the anodic layers by using different electrolytes,
voltages, currents or treatment time. Furthermore, this type of treatment allows the incorporation of
bioactive elements such as Ca and/or P by using electrolytes such as Ca(H.PO.). [200,203-209], H:PO.
[203,207,209,210] or a mixture of both [203,211], calcium acetate (CA) [212-218], a mixture of CA
and B-glycerophosphate (3-GP) [214,215,217-219], and NaHPO. [220]. Apart from bioactive elements,
MAO also allows the incorporation of antimicrobial elements, such as Ag, Cu or Zn [221]. Some authors
had reported the possibility of incorporation of bioactive additives into Ti-based alloys MAQO layers such
as tricalcium phosphate (TCP, Ca:(P0O.).), wollastonite (CaSiO:) or SiO. particles which are known to
enhance osteointegration [200,204-208].

30



Simka et al. [203] and Kasek-Kesik et a/. [204,205] treated (3-Ti alloy (Ti-15Mo) via MAO. The
authors used HsPO., Ca(H.PO.). or (HCOQO).Ca as an electrolyte and observed that the morphology and
chemical composition of the anodic layers were strongly dependent on the applied voltage and chemical
composition of the electrolyte used during the treatment. Independently of the electrolyte, when the
voltage increased, the pore size of the anodic layers increased, however, more cracks were observed.
The incorporation of Ca and/or P was, as well, dependent on the applied voltage. Moreover, the thickness
of the anodic layers was dependent on both applied voltage and electrolyte concentration. For example,
thicker anodic layers were observed for the highest concentration of (HCOO).Ca. MAO parameters or
electrolyte concentrations also influence the crystalline structure of the anodic layers. Simka ef a/. [203]
found only a single crystalline phase TiO. after treatment in a mixture of Ca(H:PO.). and H:PO. electrolytes,
indicating that TiO: layers were amorphous. However, after decreasing the concentration of Ca(H:PQO.).,

the authors reported the existence of the anatase phase.

Kazek-Kesik et a/. [204,208] used Ca(H:PO.). as electrolyte together with TCP, wollastonite or
silica particles. The authors stated that the particles from the electrolyte suspension were successfully
incorporated into the porous anodic layers for voltages higher than 150 V. However, while increased
concentrations of TCP and wollastonite led to an increase in Ca and P incorporation the opposite was
observed on the increased silica particle addition. Regarding the surface roughness, no significant
influence was found when wollastonite or silica particles were used. However, the highest roughness
value was found for the highest concentration of TCP particles. Kazek-Kesik et a/. [205] also compared
the influence of the substrate (Ti-6Al-7Nb, Ti-13Nb-13Zr and Ti-15Mo) on their anodic layer characteristics
after MAO treatment. The authors added TCP particles into Ca(H-PO.). electrolyte for MAO treatment and
observed that TCP particles were mainly deposited on the top of the anodic layers and filled the pores of
the outer porous layer. Moreover, the formed oxide layers were different in terms of thickness, roughness,
chemical composition, and crystalline structures, depending on the substrate. As well, their total
thickness increased significantly with the incorporation of TCP particles. Oppositely, the roughness of the
anodic layer with TCP particles decreased when compared with only anodized titanium alloys leading to
an influence on the wettability. Bio-functionalization of Ti-13Nb-13Zr surface via MAO was studied by
Kazek-Kesik ef a/. [200,222] by using a Ca(H.PO.). electrolyte with the addition of TCP, wollastonite or
silica particles where the microstructures and chemical composition of the anodic layers were strongly
dependent on the applied voltage. Moreover, the final surface roughness reported to be increased after

the treatment.
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Another 3-Ti alloy that had been treated by the MAO process is Ti-30Nb-1Fe-1Hf [213,217,218].
Ou et al. [213,218] used a calcium acetate (CA) and B-GP mixture as an MAO electrolyte and reported
a three-layer structure, namely, an amorphous and crystalline outmost porous layer followed by an inner
layer with several pores, and finally a thin and compact layer. Moreover, the presence of Nb promoted
the formation of the amorphous phase of the anodic layer. Oppositely to cp-Ti, when the voltages on MAO
treatment increased, the crystallinity of the anodic layers decreased on Ti-Nb alloys. The incorporation of
Ca and P was also succeeded with a Ca/P ratio maximum of 1.91 depending on MAO parameters. On
the other hand, Pan et a/. [217] used similar electrolyte to modify the surface of the same alloy and
reported that the presence of Nb in Ti alloy can promote both layer rupture voltage and dielectric
breakdown voltage due to the mixture of oxides (Ti and Nb oxides) that are known to stabilize the

amorphous structure and delay oxygen generation.

Gebert et al. [223] used a NaOH alkaline solution as electrolyte during the MAO process and
reported surfaces having a compact and thin inner layer followed by a much thicker outer layer with
micro-pores and micro-channels. Moreover, the presence of Nb enhanced the thickness growth of the
outer layer. On the other hand, Sharkeev et a/ [210] performed MAO treatment on Ti-40Nb by using a
mixture of HsPO., biological HA, and calcium carbonate. The authors pointed the need for performing
crystallization annealing treatment after the MAO process in order to obtain a crystalline structure on the
anodic layer. The anodic layer was formed by a thin compact oxide layer, intermediate sublayer, and the
typical porous CaP layer. As the voltage of MAO treatment increased, the thickness of the anodic layer
also increased linearly from 35 to 90 um. Moreover, when the voltage ranged between 200-300 V, the
CaP layer presented spheres and pores. However, when the voltage increased up to 400 V, the
transformation of micro-arc discharges into arcs caused the destruction and fragmentation of the spheres
leading to a decrease of the anodic layer porosity. By using voltages under 200 V, XRD analysis just
showed intense peaks of Ti and Nb and poor reflexes of NbO. phases, mainly due to the small thickness
of the anodic layer. The absence of TiO. phases into the anodic layers was explained by higher thermal
conductivity and lower electrical resistivity as compared to Ti. When the process voltage increased up to
300V, the anodic layer was formed by an amorphous phase and crystalline phases such as CaHPO. and
[-Ca:P-0,. Further increase on the process voltage up to 400 V led to a decrease on the peak intensity

of the characteristically crystalline phases of the anodic layers.

Tao et al. [212] studied the effect of Nb, Zr, and Sn on the characteristics of the anodic layers

formed by MAO. The authors used a CA electrolyte with an applied voltage of 250 V and after the samples
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were heat-treated at 600 °C for 1h in air. The anodic layer porosity increased with increasing voltage,
and at 250 V, the porous structure covered uniformly all the surfaces. Although the surface roughness
increased with the working voltage, it was not affected by the heat treatment. After heat treatment, the
anodic layers were mainly composed of TiO. (anatase and rutile), Nb.Os, CaO, and SnQO.. However, the
diffraction intensity of Nb.Os, Ca0, and rutile increased after heat treatment. A study using the same alloy
was reported by Gao ef a/. [216] where the authors also used the similar MAO treatment parameters.
However, XRD analysis only detected Ti, anatase and rutile peaks while elements such as Ca, Nb, Zr,
and Sn were only detected by EDS analysis. These results showed the importance of the post-heat

treatment on the crystallinity of the anodic layers as reported by Tao ef a/. [212].

Other alloys as TiZrSnMoNb [214,215], TiAINb [205], TiCrAlFe [220] have also been modified
by MAO. However, the effect of the alloying elements on the MAO treatment of the new alloys is yet to
be fully understood. Besides, although the MAO process has been successfully used to modify B-Ti alloy
surfaces mainly to increase the bioactivity, very little is known on the growth mechanisms of MAO layers

including the incorporation process of the bioactive elements.

Apatite forming ability has been used to access the bioactivity, however, apatite forming ability
depends not only on the chemical composition of the anodic layers but also on the volume of SBF solution
used during the soaking process. Thus, due to these factors, different results are reported in the literature.
Kasek-Kesik et al. [207] reported that according to the mechanism of apatite crystallization, the presence
of anatase and rutile may be negatively charged in SBF and adsorbs Ca* ions. Ca* ions also attract OH~
and HPO.# groups. If an anodic layer does not have phosphorous compounds, the formation of apatite
may be delayed or not exist, however, it is still possible by the formation of calcium titanate (CaTiOs) on
the anodic layer since the presence of CaTiO: facilitates the adsorption of hydroxyl radicals and phosphate

leading to the formation of apatite.

Several authors reported that apatite forming ability is induced on MAQ treated surfaces of B-Ti
alloys, independently of the chemical composition of the substrate [207,209,212,215]. Tao ef al. [212]
concluded that a heat treatment after MAO on Ti-24Nb-7Zr-7.9Sn alloy improved the apatite forming
ability. The same behaviour was described by Kazek-Kesik et a/. [207] for Ti-15Mo alloy treated by MAO
and post-treated by heat treatment. On the other hand, Yu ef a/. [215] reported that in-situ formation of
apatite on the MAO treated surfaces of Ti-3Zr-25n-3Mo-25Nb in SBF was related to Ca- and P- containing
compounds. Moreover, apatite nuclei were formed after approximately 14 days of immersion and it

continued to grow, firstly filling the pores and after spreading over the entire surface. Sowa ef a/. [209]
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modified surfaces of Ti-13Nb-13Zr alloy by MAO and the authors were able to detect small amounts of
apatite precipitates formed on the modified Ti alloy surface after immersion in SBF, although the treated

surfaces presented Ca/P ratios bellow 1.67 (Ca/P atomic ratio of stoichiometric HA).

Immersion of MAO treated surfaces in SBF to promote apatite forming ability and thus bioactivity
has been widely studied. However, the reliability of evaluation of bioactivity of those surfaces by simply
immersing in SBF has been criticized due to the lack of proteins presence or bacterial activity. Thus, in
vitro and/or in vivo studies have been reported to access the biological response of the modified surfaces.
Kazek-Kesik ef a/. [205] developed multi-layered surfaces by electrophoretic deposition of TCP particles
on MAO treated surfaces of V-free alloy (Ti-6Al-7Nb, Ti-13Nb-13Zr, and Ti-15Mo). The number of
incorporated TCP particles was higher for Ti-13Nb-13Zr and Ti-15Mo alloys than for Ti-6Al-7Nb. The
adhesion and number of MG-63 osteoblast-like cells were investigated by Kazek-Kesik ef a/. [205] and it
was observed that independently of the base alloy, none of the modified surfaces were cytotoxic. The
highest biological activity was found for MAO+TCP treated Ti-15Mo alloy, while the surface modification
did not significantly influence the cell proliferation on Ti-6Al-7Nb and Ti-13Nb-13Zr alloys. On the other
hand, another study from the Kazek-Kesik ef a/. [207] modified Ti-15Mo alloy by MAO and showed that
after 5 days of culture, hBMSC cells have well adhered to all modified surfaces. However, the anodic
layers with the highest atomic ratio of Ti/Ca presented higher ALP activity, collagen production, and
mineralization when compared with the untreated alloy. Moreover, these surfaces showed only a single
strain of attached D. desulfuricans bacteria and it was not observed the formation of bacteria biofilm.
Furthermore, the Zn, Cu, and Ag-doped CaP MAO composite was formed on Ti-40Nb alloy, presented an

improvement on the antibacterial activity [224].

The biological performance of low Young’'s modulus Ti-24Nb-4Zr-7.9Sn alloy bio-functionalized
by MAO has been reported [212,216]. After heat treatment, the anodic layers consisted of TiO., CaO0,
Nb.Os, and SnQ.. In vitro studies on rabbit's osteoblast showed a considerable improvement in cell
proliferation due to the increased roughness of the surfaces but as well due to the incorporation of Ca
into the anodic layers [212]. Although no heat treatment was performed after MAO, Gao ef a/. [216]
showed that MAQ treated surfaces presented significantly higher absorbance of cells when compared to
the untreated alloy. Moreover, the porous structure and chemistry of the anodic layers led to a stronger

and faster bone response of the modified surfaces.

Ou et al. [218] functionalized Ti-30Nb-1Fe-1Hf alloy by MAO using a Ca- and P-rich electrolyte

followed by a post hydrothermal treatment. In vitro studies with MG-63 cells indicated no significant
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differences between the untreated and treated alloy on optical cell density and ALP activity. However, cell
adhesion and cell spreading were reported to be improved by hydrothermal treatment. Sowa et a.
[209,225] modified Ti-13Nb-13Zr alloy by MAO in an electrolyte containing Ca and P elements. The
authors observed that the incorporation of Ca and P into the anodic layer enhanced the differentiation of
hBMCs into osteoblasts. Moreover, the increased roughness after MAO promoted cell spreading. A similar

improvement was achieved for Ti-45Nb alloy through 26 days of cell culture [226].

Bioactive surfaces were produced by Zhao et a/. [214] on Ti-5Zr-3Sn-5Mo-15Nb alloy using MAO
where better osteoblasts adhesion, spread, viability, and differentiation were observed. However, by
increasing the applied voltage of MAO treatment, better cell spread and viability was observed. The
authors stated that this behaviour might be explained by the increased roughness together with an
increased Ca/P ratio obtained at the highest voltage. On the other hand, Yu ef a/. [215] used similar
alloy and MAOQ treatment conditions but performed further activation in an aminated solution. Results
showed that MC3T3-E1 cell proliferation was favoured and hard tissue implantation indicated that the
activated surfaces exhibited good biocompatibility and better osteointegration than the untreated alloy.
Chen et al. [220] bio-functionalized Ti-13Cr-3Al-1Fe alloy using MAO in NaH-PO.electrolyte. In vitro tests
using MC3T3-E1 cell line and in vivo tests in distal femora of Japanese white rabbits showed that the
rutile-rich TiO. layer gave better biocompatibility and osteointegration performance than anatase rich

phase, suggesting that MAO treated implant may achieve better bone formation and ongrowth.

In addition to their increased bioactivity, anodic layers on Ti-based alloy created by MAO can also
increase the corrosion resistance of the base alloys. Kazek-Kesik et a/. [200,204,205,222] reported the
corrosion behaviour of different low Young's modulus alloys modified by MAO. The corrosion behaviour
of Ti-6Al-7Nb, Ti-13Nb-137r, and Til5Mo MAO treated alloys was studied in Ringer’s solution [205].
Surface modification caused an increase in the corrosion resistance for all substrates. However, the
highest differences in the electrochemical parameters were found between treated and untreated

Ti-15Mo alloy.

It has been reported [204] that MAO treatment in TCP, wollastonite or silica particle-containing
electrolytes improved the corrosion resistance of Ti-15Mo alloy due to the barrier-type oxide layer formed
on the alloy surface. The highest corrosion resistance was recorded for the electrolyte containing TCP
particles owing to the thicker and more compact oxide layer. Similar MAO treatment was performed on
Ti-13Nb-13Zr by Kazek-Kesik et a/. [200,222]. Results showed that the OCP values in Ringer’s solution

were much nobler on the treated samples, showing a lower tendency to corrosion when compared with
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the untreated alloy. Furthermore, the polarization resistance increased and current density decreased,
independently of the incorporated particles, as compared to the untreated alloy [200]. By immersing the
treated alloy in Ringer's solution for 5 months, the authors could observe the degradation of the anodic
layers due to the dissolution of Ti, Nb, and Zr phases [222]. The concentration of dissolved Ti ions in
electrolyte was found to be influenced by the applied voltage during MAO treatment as a consequence
of increased surface roughness with increasing applied potential. Apart from Ti ions, Nb and Zr ions were

also detected but their amounts were very small.

2.2.4.2. Nanotubular structures
TiO. nanotubular surface structures have been widely reported for biomedical applications since
protective stable oxides on Ti-base surfaces lead to a favourable osteointegration [204,227]. TiO:
nanotube growth is obtained by anodic treatment using F~ containing electrolytes. The nanotube growth
has been reported on binary, ternary and quaternary -Ti alloys such as Ti-Nb [223,227], Ti-13Zr-13Nb
[228,229], Ti-25Ta-xZr [230], Ti-35Nb-xZr [231,232], Ti-29Nb-13Ta-4.6Zr [233], and Ti-24Nb-4Zr-7.9Sn
[234,235].

Gebert et al. [223] compared the growth of the nanotubes on Ti-40Nb and cp-Ti (grade 2) in
fluoride-containing solutions and observed a similar growth. Moreover, the oxide nanotubes presented
amorphous structures and mixed compositions as (TiNb:—)O.. On the other hand, Jang et al [227]
produced nanotubular surfaces on TixNb (x = 10, 20, 30 and 40 wt.%) alloys using 1.0 M H:PO.
electrolyte containing 0.8 wt.% NaF. The nanotubes formed on the Ti-xNb alloy surface presented a wide
range of diameters (55-220 nm). More specifically, as Nb content increased, the length of the nanotubes
increased from 730 nm to 2 um. The authors also reported that the initial structure of the nanotubes
was an amorphous TiO.—Nb:Os layer. After annealing at 300 and 450 °C, the formation of crystalline

anatase, and after annealing at 600 °C, in addition to anatase, the formation of rutile was detected.

Ossowska et al. [228] and Hernandez-Lopez et al. [229] performed anodic treatment to obtain
nanotubes on Ti-13Zr-13Nb alloy using a mixture of 1 M H.SO. and 0.035 M HF. Hernandez-Lopez et a/.
[229] stated that shorter anodizing times resulted in nanostructured layers with a porous morphology,
whereas after longer anodizing times, the anodic film showed a nanotubular structure. Moreover, the
average molecular composition given by Rutherford backscattering spectroscopy (RBS) analysis was
(TiNbZr0)0.s0.081TiF.0.102NbFs0.081ZrF. for the nanoporous layers while the nanotubular layers
presented a molecular composition as (TiNbZr0).0.078TiF.0.098NbFs0.078ZrF.. On the other hand,

Ossowska et al. [228] compared the nanotube growth on dense and porous Ti-13Zr-13Nb alloy. Results
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showed a fine nanotubular structure with long nanotubes, moreover, the nanotubular structure is formed
also inside the pores in the case of the porous alloy. However, the nanotube dimension was smaller on

the porous alloy when compared to the dense alloy.

Li et al. [234] and Hao et a/. [235] modified the surface of Ti-24Nb-4Zr-8Sn by anodic treatment.
Both authors performed the anodic treatment in a neutral electrolyte with 1M (NH.).SO. and 0.15M NH.F.
Hao et al. [235] stated that the outer diameter of the nanotubes increased from 30 to 90 nm as the
treatment voltage increased from 10 to 25 V. Results showed that the contact angle decreased sharply
with increased nanotube diameters from 30 to 70 nm and then was constant with the further increase
of diameter to 90 nm. The authors suggested that the surface energy increases with an increase of
nanotube diameter up to 70 nm, which was explained by the formation of surface oxides and their
contribution to surface roughness. XPS analysis showed that the outmost nanotubular layer consisted of
amorphous mixed oxides of TiO.;, Nb.Os, SnO., and ZrO.. Similar results regarding the chemical

composition of the oxides were also reported by Li ef a/. [234].

Similar to MAO-treated B-Ti alloys, studies investigating the corrosion behaviour of
nanostructured surfaces on [-Ti alloys are scarce. Jang et al. [227] performed potentiodynamic
polarization tests in 9 g/L NaCl at 36.5 £ 1 °C for nanotubes formed on Ti-xNb alloys and found that the
corrosion resistance of nanotubular structured alloys was lower as compared to the untreated alloys. The
authors explained this behaviour by the defected structure of the nanotubular surfaces that may promote
the current transport. However, the anodic treated samples presented a wider range of a passive region
when compared with the untreated alloys, suggesting that the mixture of TiO. and Nb.Os film was more
stable. On the other hand, Ossowska et a/. [228] and Hernandez-Lopez et al. [229] reported that the
proper formation of nanotubular structures by anodic treatment resulted with a better corrosion behaviour

as compared to the bare alloy.

Nanotubular structures on ternary and quaternary [-Ti alloys have been reported to stimulate
rapid cell proliferation and osteoblast differentiation as well as to accelerate osteointegration and facilitate
the transport of nutrients and bone ingrowth [234,235]. It has been shown that the formation of ordered
nanotubes on Ti-24Nb-4Zr-7.9Sn alloy via anodic treatment improved cytocompatibility, as well,
enhanced bone-implant integration /n vitro and /in vivo [234]. Hao et al. [235] obtained nanotubular
surfaces with mixed oxides (TiO., Nb:Os, SnO. and ZrQ.) and reported after biological studies with

osteoblast-like MG-63 cells that smaller nanotube diameter was beneficial for the cell adhesion,
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proliferation, and differentiation. Also, the anti-bacterial behaviour of Ti-35Nb alloy was improved with the

corporation of Sn as an alloying element [236].

2.2.4.3. HA electrochemical deposition

HA and calcium phosphate ceramic coatings are widely used in the biomedical field due to their
excellent response to cell adhesion and proliferation, as well as their ability to enhance bone ingrowth
and osteointegration processes. The deposition conditions have a great effect on the structure and
biofunctionality of HA coatings. The electrochemical deposition of HA coatings on metallic biomaterials
has unique advantages and it is an attractive technique because highly complex structures can be coated
quickly at low temperatures. Moreover, the coating morphology and chemical composition of HA can be
well controlled by varying the electrochemical potential, current, electrolyte concentration, and

temperature.

Several studies reported the electrochemical deposition of HA [187,213,237-240]. Schmidt et
al. [187] studied the influence of electrolyte temperature and different chemical pre-treatments on
Ti-40NDb alloy for the deposition of the HA layer. The authors performed potentiostatic deposition of HA
using a mixture of Ca(NOs). and NH.H-PO. on grounded surfaces, etched surfaces with piranha solution,
and alkali-treated surfaces. The morphology of the HA deposit was dependent on the electrolyte
temperature. When the electrolyte temperature increased from 60 to 80°C, the morphology of HA passed
from plate-like to needle-like shape. However, the use of different pre-treatments did not have a significant
effect on HA layer morphology. On the other hand, Byeon ef a/. [240] performed HA deposition on
Ti-xNb alloy by cyclic voltammetry in two different electrolytes (CaP - a mixture of Ca(NOs).4H.O and
NH:PO.; and Zn-CaP - a mixture of Ca(NOs).4H.0, NH.PO. and Zn(NO:).4H:0). Although different Ca- and
P- rich electrolytes were used, the Ca/P ratio kept constant, and the HA layer presented a nano-scale
rod-like HA for CaP electrolyte, while the Zn-CaP electrolyte led to a nano-scale network-like Zn-HA layer.
Although the authors reported successful Zn-HA layer deposition, further studies are needed in order to

get a better understanding of the formation and properties of these layers on Ti-Nb alloys.

Kim et al. [237] used a mixture of Ca(NOs). and NH:PO. as an electrolyte to deposit HA by cyclic
voltammetry over nanotubular structured anodic layer on Ti-25Ta-xZr alloy. Although all the deposited
surfaces showed a Ca/P ratio lower than 1.68, a successful HA layer was deposited on its surfaces. The
HA precipitate morphology was influenced by the Zr content of the alloy; as the Zr content increased, HA
precipitates morphology changed from plate-like or leaf-like shape to needle-like or flower-like shape. A

similar electrolyte was used by Kim ef a/ [238] to deposit HA layers on highly ordered nanotubular
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surfaces of Ti-2bNb-xHf alloys. The authors observed that the needle-like nucleation and growth of the
HA particles were promoted on the increased number of cyclic voltammetry cycles. However, the

morphology of HA precipitates was influenced by Nb and Hf contents.

A study on the electrochemical deposition of HA on nanotube-formed Ti-Nb-Zr alloys was reported
by Jeong et al. [239]. The authors studied deposition protocols using 5, 10, and 30 cycles of the pulsed
current method and two electrolytes based on a mixture of Ca(NO:)4H.0 and NH.PQO.. The HA layer
morphologies changed from a mixture of rough particles and plate-like shape particles to entirely
plate-like shapes depending on the number of deposition cycles and the Ca and P concentrations in the

electrolyte.

2.2.5. Laser surface treatments

Most of the laser surface treatments for 3-Ti alloys were performed in a nitrogen-rich environment
resulted in the nitrided surface. Laser nitrided Ti-20Nb-13Zr alloy presented significantly higher hardness,
hydrophilicity, coefficient of friction, and corrosion resistance in artificial saliva and SBF compared to the
untreated alloy, cp-Ti, and Ti-6Al-4V alloy due to formation of a uniform 9 um thick nitrided layer
[241,242]. Similar behaviour was reported for different 3-Ti alloys namely Ti-35Nb-7Zr-5Ta [243],
Ti-45Nb  [244], Ti-13Nb-13Zr [245], Ti-35Nb-2Ta-3Zr [246], Ti-35Nb-7Zr-5Ta [247], and
Ti-35.3Nb-7.3Zr-5.7Ta [248]. Femtosecond lasers are being used to increase the surface roughness and
reported to provide significant advantages for hole formation compared to nanosecond lasers. Its
advantages are negligible heat transfer and the absence of a liquid phase since the vapor and plasma
phase are formed very quickly. In addition to these advantages, the periodic nanostructures are
self-organized in the laser-irradiated field. Jeong et a/. [232] evaluated the nanotubular surfaces formed
on the femtosecond laser-treated Ti-35Nb-xZr (x = 3 and 15 wt.%) and reported an extensive proliferation
and spreading of the MG 63 cells. Similarly, laser treatment was reported as a sufficient pre-treatment
for HA and B-TCP bio-ceramic coatings associated with the formation of oxides diversity and irregular
morphology on Ti-15Nb alloy.

Saud et al [249] investigated the microstructure, corrosion behaviour, bioactivity, and
antibacterial activity of graphene oxide (GO) coated by dip coating on femtosecond laser surface modified
Ti-30Nb alloy. The authors reported that laser-treated and GO-coated samples displayed higher corrosion
resistance than the GO-coated and uncoated samples in SBF at 37 °C. Moreover, the GO coating on
Ti-30Nb alloy led to a superior antibacterial activity against gram-negative bacteria as compared with the

uncoated samples. Similarly, fibre laser nitrided Ti-35Nb-7Zr-6Ta alloy drastically improved the
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mesenchymal stem cell attachment, proliferation and differentiation, and also led to a reduction on
staphylococcus aureus bacterial attachment due to formation of a hard rough surface with low

hydrophobicity [250,251].

2.2.6. Immobilization of biomolecules

Bioactive molecules are also used to enhance the soft tissue compatibility on metallic
biomaterials. Many studies investigated the biopolymer coated cp-Ti and Ti-6Al-4V alloy, however, a very
limited number of studies are available on biopolymer coated 3-Ti alloys [191,252-256]. The schematic
diagram for the immobilization process is presented in Fig. 2.9. Biochemical modification of the
Ti-25Nb-16Hf alloy with elastin-like polymers (ELPs) was performed, and their influence on the cell
response was analyzed by Gonzalez ef a/. [252]. ELPs presented remarkable biocompatibility and one of
these polymers contains the well-known cell adhesion amino acid sequence, arginine-glycine-aspartic
(RGD). It was found that the RGD interface presented enhanced results in terms of cell adhesion and
spreading but no improvement was observed on the numbers and differentiation of the cultured cells.
Hsu et al. [253] investigated the biocompatibility of NaOH treated Ti-25Nb-8Sn alloy surface and found
that the RGD peptide grafted Ti-25Nb-8Sn alloy significantly enhanced the cell adhesion, proliferation,
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Fig. 2.9. Demonstration of the immobilization process of biomolecules on a bare surface.

Adhesiveness to metallic materials is an important issue for biomedical polymer coatings from
the viewpoint of long-term durability. Silane-coupling treatment is a traditionally popular route for
increasing the adhesive strength between metallic materials and polymers. Hieda ef a/. [254] investigated
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the effect of terminal functional groups and silane layer thickness on the adhesive strength of
Ti-29Nb-13Ta-4.6Zr alloy to segment polyurethane (SPU) and reported that silane-coupling treatment led
to a significant increase on the shear bond strength for all tested types of terminal functional groups and
the silane layers thickness. Moreover, an immobilized 3-aminopropyltriethoxysilane- reduced graphene
oxide (APTES-RGO) nano-layer coated on Ti-29Nb-13Ta-4.6Zr alloy presented better tribological behaviour

as compared to the uncoated alloy [191].

2.2.7. Hybrid/multiHayered treatments

The hybrid treatments have been aimed to effectively enhance the mechanical and biological
properties, and also reduce the interfacial failure. Bio-functionalization of B-Ti alloys by combining
different techniques are studied in the literature. Choe [257] developed a double-layered surface on
Ti-30Nb-xZr (x = 3 and 15 wt.%) having a nanotubular inner layer formed by anodic treatment and a HA
outer layer formed by electron beam-physical vapor deposition (EB-PVD). The author investigated the
corrosion behaviour of the functionalized surfaces in 9 g/L NaCl solution at body temperature and
reported the spalling of the HA layer on the samples only coated with a single HA layer, and cracking of
the HA layer on the double-layered surfaces due to the differences on the size of the nanotubes affected
the corrosion behaviour mainly leading to the appearance of a breakdown potential on the passive region,
which was not observed on the bare alloy. A similar double-layered structure was also developed by Jeong
etal. [231] on Ti-35Nb-10Zr alloy having a femtosecond laser-treated surface to increase the roughness.
The authors stated that the application of femtosecond laser-treated created microscale features can be
beneficial for mechanical interlocking with bone. Moreover, based on the SEM observations, the authors
reported a higher trend on the attachment and spreading of MG-63 cells on the double-layered surfaces
developed on the femtosecond laser-treated alloy. Similar hybrid structure (NT + HA) was developed on
Ti-25Nb-xHf (x=0 and 7) [258], Ti-29Nb-xZr (x=3 and 15) [239], Ti-25TaxZr (x=0, 3, 7 and 15) [237],
Ti-13Ta-2Mo-6Zr [259], and Ti-20Ta-1Mo-8Zr [259]. The authors reported that the HA structure was
significantly influenced by morphology, diameter of tubes, and distribution of nanotubular layer, which
were changing by microstructure and composition of the alloy. Apatite precipitation was also affected by
nanotubes diameter, where the largest diameter presented better apatite formation for Ti-35Nb-27r-0.20
alloy [260]. In addition to biological improvement observed by /n vifro studies, membranes treated by
this hybrid structure on Ti-20Ta-1Mo-8Zr alloy were covered on rat calvarial defects, and tomography,
histologic and fluorescent analysis indicated higher bone mineral density and a contact osseointegration,

suggesting durable osteogenesis at the early stage of bone defect repair [259].
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RF sputtered TiN coatings on nanotubular Ti-25Ta-xZr alloys (x = 0, 3, 7, and 15 wt.%) were
studied by Kim ef a/ [230]. The authors reported that as the Zr content in the alloys increased, the
average thickness of the nanotubular layer increased. For the alloy with the highest Zr content, the
nanotubular surfaces were covered entirely with the RF-sputtered TiN film. The authors concluded that
the Zr content affected roughness and wettability, leading to highly hydrophilic properties on the
nanotubular surfaces. As discussed in section 2.6, the immobilization of biofunctional polymers is
important for improving the tissue compatibility. A poly(sodium styrene sulfonate) (PNaSS) biopolymer
grafted with nanotubular layer grown on Ti-15Mo and a significant improvement of bioactivity and
decrease of bacterial adhesion was reported [261]. However, these polymers may not sufficiently adhere
to metallic materials. Nanostructures (nanopores and nanotubes) were formed on Ti-29Nb-13Ta-4.67r
surfaces through anodic treatment in order to improve the adhesive strength of SPU [233]. It was found

that the anchor effect given by the nanostructures increased the adhesive strength of SPU.

The MAO/HA structure is another commonly studied hybrid treatments for [B-Ti alloys
[213,262-265]. Park et a[262] electrochemically deposited HA on MAO layer grown on Ti-3Ta-xNb (x=0
and 10), and it was found that the particle size and morphology of HA was affected by the composition
of the alloy and alkaline treatment. Also, a biodegradable poly(lactide-co-glycolide) (PLGA) polymer was
deposited on the MAO layer formed on the Ti-15Mo alloy [206]. Additionally, the PLGA loaded with the
drug of amoxicillin layer was coated on MAO layer of Ti-15Mo using a dip coating technique, and it was
reported an improvement on corrosion and bacterial resistance of substrate [265]. The main goal of the

polymer-oxide layer was to explore the active substance to be released after implantation.

2.2.8. Other methods

In the literature, other methods such as producing composite layers (metal matrix composite
and HA biocomposite) or bioactive element addition were also studied. Xiaopeng et al. [266] produced
Ti-35Nb-2.5Sn - 15 wt% HA bio-composite with mechanical alloying followed by sintering under high
vacuum at 1100°C. The authors reported that the samples ball-milled during 4 h presented a relative
density of 95.55% and Young's modulus of 20 GPa (defined by compressions tests). On the other hand,
biological studies performed with MC-3T3 osteoblastlike cells revealed higher cell viability and
proliferation. Majumdar et al produced TiB in-situ reinforced Ti-3bNb-5.7Ta-7.2Zr [267] and
Ti-13Zr-13Nb [268] matrix composites with addition of 0.5 wt% B particle to improve the wear resistance,
however, the biological studies performed with MG63 cells revealed a decreased cell proliferation on the

in-situ composites, which may be explained by cytotoxicity of B. For instance, Malek et al. [269] produced
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in-situ TiB reinforced Ti-3bNb-6Ta matrix composites with 0.05, 0.1, 0.3 and 0.5 wt.% B particle and
claimed that 0.1% and higher B addition had a slightly adverse effect on cytotoxicity.

Ou etal produced Ti-27.5Nb alloy with the addition of 0.2, 0.7 and 1.2 wt% Ag by arc melting to
obtain antibacterial properties [270]. The authors did not observe any influence of Ag on the adhesion
and proliferation of MG-63 and NIH-3T3 cells, however, reported excellent antibacterial properties against
Staphylococcus aureus and Escherichia coli with antibacterial rates approaching 100%.

Another important approach is producing highly porous alloy to facilitate the ingrowth of bone
tissue through the pores, leading firm fixation, allowing the transportation of body fluid into implant acting
a living prosthesis, and to reduce the Young’s modulus [271,272]. Several processing methods have
been used such as powder metallurgy with space-holder technique, microwave sintering, polymeric
sponge process, gel-casting, and selective laser melting (SLM) to produce porous {-Ti Ti-Nb and Ti-Mo
based alloys [273-277]. Furthermore, several morphologies of HA was electrochemically deposited on

porous low Young’s modulus Ti-40Nb alloy by various electrolytes and treatment times [274].

2.3. Discussion

Particularly during the last decade, -Ti alloys have been extensively developed to reduce the
high Young's modulus of cp-Ti and Ti-6Al-4V alloy. Although the developed [3-Ti alloys still have higher
Young's modulus compared to bone, the values close to 45 GPa reported for several alloys by adjusting
the amount and type of B stabilizer alloying elements [278-281]. Similar to cp-Ti and Ti-6AI-4V, B-Ti
alloys are bioinert materials, thus require surface modifications in order to obtain bioactivity.
Furthermore, lower corrosion, wear, and tribocorrosion behaviour of 3-Ti alloys have been recently
reported compared to Ti-6Al-4V alloy, which are other crucial factors for longterm implants

[58,86,282-284].

Mechanical treatments are being performed to form a nanocrystalline surface layer and grain
refinement in order to improve the surface roughness and hardness or to alter the surface topography to
gain bio-functions [285]. The mechanical, corrosion, wear, and biological behaviour of -Ti alloys have
been improved by HPT, SMAT, UNSM, and ARB severe plastic deformation techniques mainly due to the
grain refinement from coarse grains to ultrafine grains. The ultrafine-grained Ti alloys prepared by severe
plastic deformation are reported to have higher strength and cell bioactivity than the untreated ones [68].
However, tribocorrosion behaviour of severe plastic deformed [B-Ti alloys are, to the best of our

knowledge, yet to be studied.
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Physical surface treatments of 3-Ti alloys including PVD, plasma spraying, plasma nitriding, gas
nitriding, and ion implantation treatments have been widely used to improve the corrosion and wear
behaviour along with the bioactivity of metallic materials. Although physical surface treatments can
improve the wear resistance of 3-Ti alloys to some extent, physical deposition methods mostly require

complex equipment and the resulting surfaces prone to delaminate under sliding conditions [95].

Chemical and electrochemical methods, allowing the incorporation of bioactive elements and
providing stronger adhesion between bones and implant surfaces compared to the materials treated by
mechanical and physical methods, are attracting more attention owing to their lower cost and easier
process control. These surface treatments can be used to generate a nanopatterned surface topography
which is expected to be promising for the stimulation of bone tissue growth (osteointegration of bone
tissue) [177]. One of the most used methods for bio-functionalization of 3-Ti alloys is MAO treatment. As
described previously, the MAO-layers on [3-Ti alloys are characterized in terms of biological response by
in vitroand /n vivo studies. However, studies on the corrosion behaviour of these layers is still scarce and
there is still lack of information regarding their corrosion mechanisms mainly, particularly the role of
oxides of B stabilizer alloying elements, which may change the chemistry, structure and mechanical
properties of MAQO layer. Moreover, the corrosion behaviour should also be studied under conditions
closer to /n vivo, for instance, in a dynamic electrolyte and/or under the presence of proteins, enzymes,
microorganisms, and biofilms. After implantation, micro-movements occur between the implant and the
hosting bone, or between the parts of the prosthesis, thus, understanding the effect of the combined
action of corrosion and wear (tribocorrosion) is extremely important. Furthermore, the combined actions
of corrosion and mechanical solicitations (fatigue-corrosion) also needs to be studied.

The nanotubular layer formation on B-Ti alloys is another common surface functionalization
method. The nanotubular layer formation on the new alloys and its corrosion behaviour has been studied
in the literature, however, the wear and tribocorrosion behaviour of these nanotubular layers are scarcely
researched. The nanotubular layer grown on Ti has significantly poor adhesion to the substrate. Although
some efforts are given in the literature [286-293], adhesion is still a major limitation for different
applications [287,294,295]. To our best knowledge, there is no published study yet that investigates the
tribocorrosion behaviour of nanotubular layer formed on B-Ti alloys, but the dry sliding behaviour of
nanotubular layer formed on Ti-35Nb are reported, where the nanotubular layer improved the tribological
behaviour of Ti-35Nb alloy even though this improvement was due to the tribolayer formed after smashing

of the nanotubular layer during sliding [296].
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Laser surface treatment is becoming one of the most efficient and versatile surface modification
techniques, allowing to control changes in the mechanical, chemical, and physical properties of the
surface through direct interaction of beam and substrate [297]. Laser treatment is being used to modify
the substrate surfaces like texturing, hardening, remelting, and cladding, which can also be used to add
calcium phosphate or HA. Based on the published studies, it can be stated that laser surface treatments
are beneficial pre-treatments for the adhesion of nanotubes and bio-ceramic coatings, also they make a
positive influence on corrosion, wear, and bioactivity of B-Ti alloys. However, laser texture and remelting
may cause cracks on the surface, and the heat affected zone under the melting layer may lead to poor
mechanical integrity. Also, /n7 vitro and /n vivo biological behaviour of laser-treated substrates are yet to

be completely understood.

Recently, hybrid/multi-layered treatments have been attracted attention as a route to
multifunctional materials. Depending on the target implant application, the surface of 3-Ti alloys can be
tailored by hybrid treatments. So far, HA/Nanotubes and HA/MAQO has been the most studied hybrid
treatments mainly in order to improve the adhesion of the HA layer through mechanical interlocking.
Also, TiN coating on nanotubes has been studied to improve the wear resistance [230]. However, as
discussed above, the main concern with nanotubular layers is the poor adhesion strength of nanotubes
to the substrate. Thus, if a sufficient adhesion is not obtained between the substrate and the nanotubular
layer, detached hard TiN particles may lead to catastrophic wear by acting as extra abrasives during
relative movements. Therefore, even though each treatment has promising behaviour, individually, overall
mechanical and tribo-electrochemical responses of the hybrid/multi-layered surfaces need to be

explored.

2.4. Concluding remarks

B-Ti alloys show high durability, high toughness, non-toxicity, and high strength, which are
specific advantages against other biomaterials. However, 3-Ti alloys are typical artificial materials having
bioinert behaviour. Therefore, the surface of a B-Ti alloy needs modification to improve the wear
resistance and bioactive properties. In this review, an overview was given on the surface bio-
functionalization methods applied to [-Ti alloys. Mechanical, physical, chemical, electrochemical
methods, and immobilization of bio-functional molecules were discussed. The bioactivity,
biocompatibility, hemocompatibility, wear and corrosion (tribocorrosion) resistance of 3-Ti alloys can be
improved by surface modification with desired properties, altering the surface composition or removing

the undesired material from the alloy surface. Mainly, the bio-functionalization of -Ti alloys include

45



increasing the surface roughness and incorporating bioactive agents (Ca, P, Sr, Ag, Zn) or coating with
HA and biomolecules. Undoubtedly, the ongoing work in this area will bring new materials and new
techniques to enhance the quality of implant materials, which eventually can improve the quality of
patient lifestyle.
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Abstract

The requirement of good mechanical properties, lower Young's modulus, superior corrosion
resistance, and excellent biocompatibility makes B-type titanium alloys attractive materials for orthopedic
implants. In this study, Ti-25Nb-5Fe and Ti-40Nb -type titanium alloys were designed and produced by
powder metallurgy route using titanium hydride, niobium, and iron powders. The effect of sintering
conditions on microstructure, corrosion, and tribocorrosion behavior was explored. Electrochemical
behavior was investigated in saline solution (9 g/L NaCl) at body temperature by using potentiodynamic
polarization and electrochemical impedance spectroscopy. Tribocorrosion behavior was evaluated by
reciprocating against an alumina ball at open circuit potential, as well, under anodic and cathodic
potentiostatic conditions in saline solution (9 g/L NaCl) at body temperature. The physical,
electrochemical, and tribo-electrochemical behavior of both alloys was improved with increasing sintering
time at 1250 °C from 2 h to 4 h and decreasing Fe particle size for Ti-25Nb-5Fe alloy. Degradation under

tribocorrosion conditions was mainly governed by mechanical wear on Ti-25Nb-5Fe alloy; however,
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Ti-40Nb alloy exhibited an antagonistic effect between corrosion and wear during testing under anodic

applied potential due to the formation of a denser tribolayer.
Keywords: Beta Titanium alloys, Powder metallurgy, Corrosion, Tribocorrosion

3.1. Introduction

Tiand its alloys have attracted attention in biomedical field due to their good corrosion resistance,
high biocompatibility, lower Young's modulus as compared to stainless steel and CoCrMo, and superior
mechanical properties. Although a-type commercially pure Ti (cp-Ti) and a+f-type Ti-6Al-4V alloy are
commonly employed for implants, they exhibit some clinical concerns. As reviewed by Niinomi and Nakai
[1], the Young's modulus of cp-Ti and a+B-type Ti-6Al-4V alloy (7110 GPa) is much higher than that of
bone (20 GPa for cortical bone), which leads to the stress-shielding effect caused by the mismatch in
Young's modulus between the implant and surrounding bone, eventually resulting in bone resorption and
aseptic implant loosening. Moreover, as the most popular Ti alloy, Ti-6Al-4V alloy has raised concerns as
a result of Al and V ion release that may cause adverse effects on tissues. For instance, Hallab ef a/. [2]
reported that Al and V ions reduced proliferation, viability, and affected the morphology of human peri-
implant cells (osteoblast, fibroblasts, and lymphocytes). Therefore, B-type Ti alloys have gained attention
due to their composition having non-toxic and allergy free 3 stabilizer elements including Nb, Zr, Mo, Ta
as reported by Okazaki et a/. [3], better corrosion resistance compared to cp-Ti as shown by Bai et al. for
[B-type Ti-45Nb alloy [4], and also lower Young’'s modulus as reviewed by Gepreel and Niinomi [5] for

different B-type Ti alloys.

Fang et al[6] has recently reviewed powder metallurgy (P/M) of Ti and pointed the limitation on
implant fabrication by melt-wrought techniques due to high cost, complex fabrication, and subsequent
machining processes where P/M offers an attractive alternative to enable near-net-shape processing with
adjusted chemical composition, or even porosity, that is known to be favourable for biological response

and for further reduction on Young's modulus.

According to a review by Niinomi et a/[7,8], among the -type Ti alloys, Ti-Nb based alloys have
been the most studied system not only due to their mechanical properties and biocompatibility, but also
due to their good corrosion resistance. For instance, the Ti-20Nb-10Zr-5Ta alloy was presented a
promising material due to combined properties of low Young's modulus, very low corrosion rate, and
good biocompatibility.[9] Accordingly, Bai ef a/[4] studied the electrochemical behavior of Ti-45Nb alloy

in different electrolytes including simulated body fluid and artificial-saliva-based solutions and reported a
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better response as compared to cp-Ti. However, load bearing biomedical implants not only suffer to
corrosion, but also suffer to tribocorrosion since they are subjected to relative movements in corrosive
environments (body fluids) of the human body. Limited studies are available in the literature on the
tribocorrosion behavior of B-type Ti alloys. Correa ef a/[10] compared the tribocorrosion behavior of
Ti-15ZrxMo (x=7.5 and 15) alloys with cp-Ti by performing tests under 1.5 N load, 2 Hz sliding frequency
against 10 mm diameter alumina ball in simulated body fluid and reported lower corrosion tendency
under sliding, as well as improved repassivation behavior as compared to cp-Ti. Pina ef a/[11] studied
the tribocorrosion behavior of P/M Ti-30NbxSn (x=0, 2, and 4) Ti alloys in phosphate buffered saline
against 6 mm diameter alumina ball under 5 N and reported increased mechanically activated corrosion
after Sn addition due to elevated dissolution rate. More et a/[12] studied tribocorrosion behavior of
B-type (Ti-12.5Mo, Ti-13Nb-13Zr, and Ti-29Nb-13Ta-4.67Zr) and a+[B-type (Ti-6Al-4Fe) alloys against
ultra-high molecular weight polyethylene (UHMWPE) in Hank’s balanced salt solution with and without
incorporation of some synovial fluid constituents under relatively lower contact pressures of 34-35 MPa.
The authors reported only a very weak tribo-electrochemical influence for the alloys whereas the wear of

UHMWPE counter-material was governed by the adhered third bodies on the surfaces.

Regarding the literature, Ti-40Nb alloy presents an appropriate combination of promising
properties in Ti-Nb binary alloys for implants. Calin ef a/[13] reported the Young's modulus of casted
and heat treated Ti-40Nb alloy as 69 GPa. Helth ef a/[14] investigated the adhesion and spreading of
human mesenchymal stromal cell on cp-Ti and Ti-40Nb alloy and reported more pronounced behavior
for Ti-40Nb alloy. On the other hand, Fe has gained attention as 3 stabilizer in Ti due to its non-toxicity
and low cost (particularly compared to Nb). Chaves ef a/[15] explored the microstructural properties and
mechanical behavior of B-type Ti-(10, 15, and 25)Nb-3Fe alloys and reported that Ti-25Nb-3Fe alloy
exhibited improved phase stability and the lowest Young’s modulus (65 GPa). Mohan et a/[16] produced
Ti-12Mo-6Zr-xFe (x=1, 2, 3, and 4) alloys by P/M and reported that additions of small amounts of Fe
improved the B-phase stability. Apart from structural and mechanical properties, biological response of
cast Ti-bNb-xFe (x=0, 1, 2, 3, 4, and 5) alloys was investigated by Hsu ef a/[17] where all studied alloys
were reported as biocompatible. Ehtemam-Haghighi et a/[18] investigated the wear behavior of
TixNb-7Fe (x=0, 1, 4, 6, 9, and 11) alloys sliding against a stainless steel disc in ambient atmospheric
condition under 25 N normal load and indicated that the increasing amount of Nb decreased the

hardness/Young’'s modulus ratio resulting in increased wear rate.
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In the last decade, different B-type Ti alloys have been developed for biomedical applications,
however, their degradation behavior is yet to be fully understood. Since degradation has been reported
as one of the main reasons of early revision of hip implants resulted from breakdown and depassivation
of passive film due to relative micro-motions, leading to the release of metallic ions and wear products
to around tissues[19,20], this work aimed to study the degradation behavior of Ti-40Nb and Ti-25Nb-5Fe
alloys produced by P/M, with diverse electrochemical and tribo-electrochemical tests. Ti-xNb-bFe system
was proposed with small addition of Fe and the value of x was theoretically simulated to obtain a similar

B phase fraction to that in Ti-40Nb alloy.

3.2. Materials and methods

3.2.1. Materials and design of novel Ti alloys

Commercial TiH. (GfE, Ds: 27um), Nb (Alfa Aesar, Ds: 15um), and two kinds of Fe powders with
a coarse particle size (Pomenton, Ds: 34 um) and with a finer particle size (H.C. Starck, Ds: 4 um) were
used as raw material. Specifically, two P/M Ti alloys were designed as Ti-40Nb and Ti-25Nb-5Fe.
Ti-40Nb was considered as starting composition and the Thermocalc software was used to assess the
fraction of B phase by simulation of Ti-Nb phase diagram. In order to obtain the highest 8 phase fraction
together with decreasing Nb percentage, Ti-xNb-5Fe system was also studied. The necessary amount of
Nb was simulated by the same software to achieve a similar 3 phase fraction to that of Ti-40Nb alloy at

the same temperature (400 °C) on Ti-Nb-Fe phase diagram and Ti-25Nb-5Fe composition was defined.

3.2.2. Processing

Two different mixtures containing Ti-40Nb and Ti-25Nb-5Fe (in weight percentage) were
homogenized by mixing in a multi-directional mixer (Turbula®) for 1 h. The mixtures were prepared with
TiH. as a raw material to obtain the designed final compositions after dehydrogenization. The samples
(14 mm in diameter and about 4 mm in height) were obtained under 700 MPa constant pressure
following the compaction procedure previously explained elsewhere.[21] The samples were sintered
under high vacuum (10-s mbar) in a tubular furnace by following Cycle 1 and Cycle 2 (Fig. 3.1) and the
samples were labeled as c1 and c2, respectively. Preliminary studies (data not shown) showed that Ti-
25Nb-5Fe alloy produced with coarser Fe particles by following the c2 sintering cycle presented fully 3
phase, but it did not present a reduction on porosity (6.1 + 0.6 %). Therefore, Ti-25Nb-5Fe ¢2 group of

samples were processed with finer Fe particles.
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Fig. 3.1. Sintering cycles

Prior to structural characterization, samples were grounded with SiC papers down to 1000 mesh
size and mirror finished by using OPS (colloidal silica with particle size of 0.06 um). Finally, the samples
were placed in an ultrasonic bath, cleaned with propanol for 10 min and rinsed with distilled water for

5 min.

For corrosion and tribocorrosion tests, the samples were ground by SiC papers down to
1200 mesh. Afterwards, the samples were cleaned by following the previously described procedure and
held up in a desiccator for 1 day before starting each test. All tests were repeated at least three times in
order to ensure the reproducibility and the results were given as the arithmetic mean + standard

deviation.

3.2.3. Corrosion tests

Corrosion tests were carried out in a three electrode electrochemical cell (adapted from ASTM:
(G3-89) having a saturated calomel electrode (SCE) as reference electrode (RE), a Pt electrode as counter
electrode (CE), and the samples having 0.38 cm? of exposure area as working electrode (WE), connected
to Gamry Potentiostat/Galvanostat/ZRA (model Reference 600+). Electrochemical impedance
spectroscopy (EIS), and potentiodynamic polarization tests were performed in a saline solution
(9 g/L NaCl), as a simple physiological solution, at 37 + 2 °C temperature. The open circuit potential
(OCP) was monitored for the stabilization of native oxide film on the alloy surfaces and afterwards EIS

tests were performed at OCP with a frequency range between 102 to 105 Hz with 7 points per frequency
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decade and 10 mV amplitude of sinusoidal signal. After EIS test, potentiodynamic polarization test was

employed with 0.5 mV/s scanning rate from —0.25 Vorupto 1.5 Vsee in anodic direction.

3.2.4. Tribocorrosion tests

Tribocorrosion tests were performed in a tribo-electrochemical cell located in a reciprocating
ball-on-plate  tribometer (CETR-UMT-2) and connected to a potentiostat (Gamry,
Potentiostat/Galvanostat/ZRA model Reference 600) with three electrode configurations that used in the
corrosion tests. The experiments were carried out in 30 ml of saline solution (9 g/L NaCl) at 37 + 2 °C
against an alumina ball (Ceratec, 10 mm in diameter). Tribological parameters were chosen as 1 N
normal load, 1 Hz frequency, 3 mm of total stroke length, and 30 min of sliding time. Tests were
performed under OCP, as well, under anodic (+0.5 Vs) and cathodic (—0.3 Veoer) potentiostatic conditions,
to study the interplay between corrosion and wear. The anodic potential was selected as a potential
corresponding to the passive region whereas the cathodic potential was selected considering the
susceptibility of Ti alloys to hydrogen absorption and consequent embrittlement that observed as an in

vivo mechanism by Rodrigues et a/[22] for retrieved Ti alloy hip implants.

3.2.5. Characterization

Porosity (Protq;) Was estimated according to Eq. 1 where pg and pgp correspond to the
bulk-sintered and theoretical density, respectively. The pg was obtained by the geometrical approach and
the pp, was calculated through the rule of mixtures. The pgy, of Ti was considered as 4.51 g/cm® and

complete dehydrogenation of TiH. was assumed.

Protar = (1 —£2) x 100 Eq. (1)
Pth

Hardness was attained by microindentation measurements under 0.5 N load and 20 s dwelling
time using a microhardness tester (Zwick Roell, model ZHVu) over three samples with at least 10

indentations for each one.

Microstructures were evaluated by scanning electron microscope (SEM, Phillips XL-30) and
structural analysis was performed by X-ray diffraction (XRD, X'pert Phillips diffractometer with Cu-Ka
radiation of 1.54 A and 40 kV). The phase percentages were calculated by following Eq. (2), where [ is

the intensity.

% phase, = Llapeaks Eq. (2)
Zlallpeaks
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After tribocorrosion tests, samples were cleaned with abovementioned procedures and the worn
surfaces were analyzed by using field emission gun (SEM FEI Nova 200) equipped with energy dispersive
spectrometer (EDS, EDAX - Pegasus X4M). Wear volume loss were calculated over the 2D profiles
obtained by a contact profilometer (Veeco, Dektak 150) using the model and the methodology previously

described by Doni et a/.[23]

3.3. Results

3.3.1. Physical properties and microstructure
Porosity and hardness values of samples are given in Table 3.1. Both alloys presented lower
average values of porosity on the c2 condition where the difference was more pronounced on

Ti-25Nb-5Fe alloy.

Table 3.1. Porosity and hardness values.

Samples Porosity (%) Hardness (HVo.s)
Ti~40Nb c1 5.1+0.3 228+ 19
Ti~40Nb c2 45+1.6 243 + 40
Ti-25Nb-5Fe c1 49 +0.3 284 + 14
Ti-25Nb-5Fe c2 1.0+0.7 310+ 15

According to the XRD pattern (Fig. 3.2), all samples were mainly constituted of 3-Ti, however,
Nb peaks found on Ti-40Nb samples showing undiffused Nb on this alloy. According to Eq. (2),
Ti-40Nb c1 was composed of 2.4% o-Ti, 91.1% B-Ti and 6.5% Nb, while Ti-40Nb c2 was composed of
94.5% -Ti and 5.5% Nb. Also, it can be seen that more a-Ti phase transformed to 3-Ti phase and the
percentage of Nb decreased with c2 for Ti-40Nb alloy. Ti-25Nb-5Fe alloys presented entirely B-Ti phase.

89



(a)

(b)

+ * a-Ti (044-1294) —— Ti-40Nb c1 . + p-Ti (044-1288) —— Ti-25Nb-5Fe c1
«[-Ti (044-1288) — Ti-40Nb c2 — Ti-25Nb-5Fe c2
A Nb (035-0789)
[ *
3 F } i
& 4 l *A oA 5 J % l
>
'E Jl_ A vy Al %- l.._..
g g
£ €
A
L l A Pl )
x T T * T T T T T T T T T T T T T ¥ T T T T
30 40 50 60 70 80 20 100 30 40 50 60 70 30 90 100
2 Theta () 2 Theta (%)

Fig. 3.2. XRD pattern of a) Ti-40Nb and b) Ti-25Nb-5Fe alloys for both processing conditions.

BSE-SEM images for both alloys and processing conditions are given in Fig. 3.3. Both alloys

presented predominantly 3-Ti microstructure, however, backscattering electrons revealed some areas

rich in Nb (bright spots) for Ti-40Nb alloy, as in accordance with the XRD results. Since Fe addition

improved the diffusion processes between Nb and Ti, Nb-rich bright spots were not observed on

Ti-bFe-25Nb alloy. On the other hand, although total porosity was similar between two alloys produced

at c1, bigger pores were observed on Ti-bFe-25Nb alloy. After processing under c2, both alloys presented

lower porosity and similar pore size.

c2

Ti-40Nb

Ti-25Nb-5Fe

.

Porosity:

200/um

200/ um

Fig. 3.3. BSE-SEM images of Ti-40Nb and Ti-25Nb-5Fe alloys for c1 and ¢2 conditions.

90



3.3.2. Corrosion behavior
Representative potentiodynamic polarization curves for all samples are given in Fig. 3.4,

extracted values of passivation current density (/) and corrosion potential (Ei) are presented in Table
3.2. All samples presented well defined passivation plateaus started at average 0 mVse, 260 mVse, 200
MVse, and 380 mVee: for Ti-40Nb c1, Ti-40Nb c2, Ti-25Nb-5Fe c1, and Ti-25Nb-5Fe c2, respectively. The
results indicated that Ti-2bNb-bFe samples showed slightly higher average E.o and lower average /us

values as compared to Ti-40Nb samples. The same trend was also observed on both alloys processed

under c2, in comparison to the alloys processed under c1.

1.5
- - Ti-40Nb c1 !
| ——Ti-40Nb 2 !
- - Ti5Fe25Nb c1 i,
1.0 { —— Ti5Fe25Nb c2 i
I
i
— Ty
O |
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W 0.0-
-0.5
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Fig. 3.4. Potentiodynamic polarization curves for Ti-40Nb and Ti-25Nb-5Fe alloys.

Table 3.2. Corrosion potential (Es) and passivation current density (/) values for Ti-40Nb and

Ti-25Nb-5Fe alloys.

Ero (MVsce) fress (LA.CM?)
Ti-40Nb c1 -359+9 8.28 + 0.84
Ti-40Nb c2 —280 + 33 6.58 + 0.78
Ti-25Nb-5Fe cl —289 + 14 5.00 £ 0.55

Ti-25Nb-5Fe c2 —229 + 22 403 +0.16




The representative Bode diagram of EIS spectra given in Fig. 3.5a. The constant values of |Z]|
and near 0° phase angle were observed at the high-frequency range (10:-10¢ Hz) owing to the electrolyte
resistance. Near —90° of phase angle values in the medium and low ranges of frequency indicated the
typical capacitive behavior of a passive oxide film. The phase angle values in medium frequency range
were decreased and the |Z| values in low frequency range were increased for both alloys processed

under c2.

The electrical equivalent circuit (EEC) with one-time constant, modified Randles circuit, used to
simulate the EIS experimental data by using Echem Analyst software shown in Fig. 3.5b and the EEC
parameters are given in Table 3.3. The EEC includes R., R., and Q.. corresponding to an electrolyte
resistance, the resistance of the oxide film, and a constant phase element (CPE), respectively. The CPE,
demonstrating a shift from an ideal capacitor was used in the EEC. The impedance of a CPE is defined
as Zee= [Yo(jw) ], where Y, is the admittance of CPE, w is the angular frequency, j=\/—_1 is the imaginary
number, and 77 /s the exponential factor, —-1<n<1. When nvalue is 1, 0, and -1, the CPE response is an
ideal capacitor, a resistor, and an inductor, respectively. The 7 value is associated with surface
heterogeneities and roughness. The C.. values converted from Qu values through Eq. (3) derived from

Brug's equation;

Cox = [QoxRél‘”)]% &

The quality of fitting on the EEC was assessed by the goodness of fitting where the proposed
model showed values below 10— (Table 3.3). According to these values, the C. values only slightly
decreased from Ti-40Nb to Ti-25Nb-5Fe, however, Ti-25Nb-5Fe exhibited noticeably higher R« values.
When two processing conditions were compared, no clear trend was observed on R., but relatively lower
C. values were observed on both alloys processed under ¢2. Moreover, both alloys presented very similar

nvalues whereas the values were noticeably higher on both alloys processed under c2.
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Fig. 3.5. Bode diagram (a) and EEC (b) of Ti-40Nb and Ti-25Nb-5Fe alloys.

Table 3.3. Electrochemical parameters obtained from the proposed EEC.

Sample Rx (x10° Q.cm?) Co (UF.cm™) n X (x10)
Ti-40Nb c1 3.5+0.7 394+124 083+0.03 44+27
Ti-40Nb c2 3.8+09 260+48 092+001 32+03
Ti-25Nb-5Fe c1 9.0+29 33.0+94 0.88+0.01 55+4.0
Ti-25Nb-5Fe c2 84+05 21.2+24 093+001 22+038

3.3.3. Tribocorrosion behavior

3.3.3.1. Tribocorrosion at OCP

The OCP evolution before, during and after sliding, together with the corresponding COF values
are presented in Fig. 3.6. When sliding started, values of OCP dropped abruptly for all samples indicating
a damage given to the passive film by the exposure of the bare metal (worn area) to the electrolyte. After
sliding, the values immediately increased approximately near to the values obtained before sliding owing
to spontaneous repassivation. During sliding, the average OCP values obtained from three tests for
Ti-40Nb cl1, Ti-40Nb c2, Ti-25Nb-5Fe c1, and Ti-25Nb-5Fe c2 samples were —622 + 71 mVs,
=510 £ 59 mVsee, =589 + 39 mVsee, and =511 + 19 mVs, respectively, indicating relatively more positive
values for c2 for both alloys. COF values presented a relatively stable evolution for all samples. The
average COF values of Ti-40Nb c1, Ti-40Nb c2, Ti-25Nb-5Fe c1, and Ti-25Nb-5Fe ¢2 samples were
0.71 £ 0.003, 0.61 + 0.10, 0.64 + 0.12, and 0.54 + 0.03, respectively, where slightly lower values
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obtained on Ti-2bNb-5Fe alloy and decreased values were observed for both alloys processed

under c2.
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Fig. 3.6. Tribocorrosion at OCP: evolution of OCP together with corresponding COF values.

3.3.3.2. Tribocorrosion at applied potentials

In order to investigate the interactions between wear and corrosion, tribocorrosion tests were
performed under anodic (AP) and cathodic (CP) applied potentials to simulate the degradation due to
wear/corrosion and mechanical wear, respectively. Fig. 3.7 presents the anodic current evolution before,
during, and after sliding at an applied potential of +0.5 Vs, as well, the corresponding COF values. Before
sliding, the current density values were stable due to the presence of a stable oxide film formed on the
surfaces. Under sliding, the current evolution of Ti-40Nb was significantly different than Ti-25Nb-5Fe for
both c¢1 and c2 conditions. When sliding started, Ti-40Nb c1 and Ti-40Nb c2 presented only a very small
increase on current density than remained relatively stable around these values for around 2 and 5 min,
respectively. Afterwards, sharp increases on current density were observed for both samples then the
values decreased close to the values recorded on the onset of the sliding. Regarding Ti-25Nb-bFe
samples, larger current density values were recorded during all sliding period as compared to Ti-40Nb
alloy. When the counter-material unloaded, the current density fell for all samples to the values close to
the ones recorded before sliding indicating the repassivation of the worn track area. Also, the anodic

charge, 0, was estimated through integration of the current curves over sliding time. The QO values of
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Ti-40Nb c1, Ti-40Nb c2, Ti-2bNb-5Fe c1, and Ti-2bNb-bFe c¢2 samples were calculated as
2.1x102 + 0.09x10%, 1.2x102 + 0.3x102, 11.8x102 + 1.1x10, and 10.8x102 + 2.7x102 coulombs,
respectively. Ti-25Nb-5Fe samples presented approx. 10 times higher Qvalues than Ti-40Nb alloys for
both c1 and c2 conditions, indicating significantly higher corrosion kinetics under sliding. When Qvalues
obtained for both processing conditions are compared, although some small decreases were obtained

for the ¢2 condition, considering the standard deviation values, no obvious difference can be pointed.

In case of Ti-40Nb samples, when sliding started, COF values were gradually increased till the
corresponding current density values decreased close to the ones observed on the onset of sliding,
afterwards, remained relatively stable during the remaining sliding period. However, when an increase
occurred on the current density values, larger fluctuations were detected on the corresponding COF
values. Regarding Ti-25Nb-5Fe alloys, when the sliding started, COF values were suddenly increased up
to the values around 0.64 + 0.02 and 0.62 + 0.05 for Ti-25Nb-5Fe c1 and Ti-25Nb-5Fe c2, respectively,

and then evolved around these values till the end of sliding.
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. 3.7. Tribocorrosion at anodic applied potential: evolution of current density together with

corresponding COF values for a) Ti-40Nb and b) Ti-25Nb-5Fe alloys.

3.3.3.3. Wear morphology
SEM images of surfaces worn under OCP, AP, and CP are given in Fig. 3.8. All worn surfaces
presented typical wear surface morphologies known for Ti and Ti alloys, most predominantly, parallel
ploughing grooves and abrasion scratches, together with a discontinuous tribolayer (oxidized patches)
particularly for the samples tested under OCP and AP as also previously had been reported by Silva et
al[24] for Ti, by Runa et a/[25] for Ti-6Al-4V, and by Correa et a/.[10] for Ti-15Zr-xMo (x=7.5 and 15).
Discontinuous tribolayer appeared to be denser on the Ti-40Nb alloys tested under AP conditions, as

evidenced on BSE images with darker regions.
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Fig. 3.8. SE- and BSE-SEM images of wear tracks for Ti-40Nb c1, Ti-40Nb c2, Ti-25Nb-5Fe c1, and
Ti-25Nb-5Fe c2 of the samples tested under OCP, AP, and CP.

Fig. 3.9 shows the SEM images of the worn alumina ball surfaces (counter-material) together
with the respective EDS spectra. The visible wear damage on balls worn against Ti-40Nb alloy tested at
AP condition were less severe for both processing conditions. Transferred material from samples to the
counter-material was confirmed by EDS analysis for all conditions where lower visible amount of

transferred material was observed on the balls slid against Ti-40Nb alloy at AP condition.
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Fig. 3.9. SE-SEM images and respective EDS spectra of the alumina ball surfaces worn against Ti-40Nb
cl, Ti-40ONb c2, Ti-25Nb-5Fe c1, and Ti-25Nb-5Fe c2 tested under OCP, AP, and CP.

Fig. 3.10 shows representative profiles taken from the center of the wear tracks, together with
the total wear volume loss values. Ti-25Nb-5Fe exhibited relatively lower average wear volume loss under
OCP and CP, however, clearly, the opposite trend was observed for AP. Regarding the
tribo-electrochemical testing conditions, Ti-25Nb-5Fe alloys exhibited similar values for all conditions
whereas the wear volume loss values for Ti-40Nb alloys decreased from OCP to AP where the effect of
cathodic polarization was relatively small, but the effect of anodic polarization was clearly predominant.
On the other hand, within the same alloys, no clear effect of processing conditions on the wear loss was

observed.
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Fig. 3.10. Representative 2D wear track profiles of samples for testing at a) OCP, b) AP, c) CP

conditions, and d) wear volume loss values.

3.4. Discussion

3.4.1. Physical properties

The microstructure, porosity, hardness, and phase distribution were significantly influenced by
sintering conditions. Guo ef a/.[26] indicated that the decreasing porosity for Ti-24Nb-47r-7.9Sn alloy with
increasing holding times in 1250 °C was due to the 3 grain coarsening and the dissolution of prior o
phases in the 3 matrix, which might also be the reason for decreasing porosity on c2 condition. The
results pointed that Fe addition increased the hardness, and also the hardness of both alloys slightly
increased when processed under c¢2 condition. As pointed out by Sharma et a/[27], the hardness
increased with the increasing sintering time due to more homogenous distribution of the phases in its
microstructure. Ti-25Nb-5Fe alloy presented fully 3 phase for both conditions due to the well-known 8
stabilizing effect of Fe, which was reported by Niinomi ef a/.[28] as a one of the most effective [3 stabilizer
element. According to John,[29] the atomic radius of Fe (1.24 A) is smaller than Ti (1.45 A) and
Nb (1.43 A). The peaks of Ti-25Nb-5Fe were shifted to right due to the decrease on the lattice parameters
of the 3 phase. The (110) peak at 26=38.5°, representing body-centered cubic (bcc) structure, became
most intense and two additional 3 peaks were observed with c2 condition as result of a longer sintering

stage.
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3.4.2. Corrosion behavior

The potentiodynamic polarization and EIS results indicated that increased sintering time may
lead to formation of a more stable and protective oxide film in contact with NaCl solution, leading to an
improved corrosion performance. Although all tested samples presented similar corrosion mechanism,
as represented by the same EEC, Ti-2bNb-bFe alloy presented better corrosion resistance and lower
corrosion rate as compared to Ti-40Nb alloy, evidenced by higher R.. and lower /.. values. This better
behavior of Ti-25Nb-5Fe alloy may be linked with the fully diffused Nb and obtaining a fully 3 phase
structure. However, incorporation of iron oxides to the passive film of Ti-25Nb-5Fe alloy may also
influence the corrosion behavior that needs further investigations by XPS analysis before and after

corrosion tests.

Samples processed under c2 condition showed higher corrosion resistance than samples
processed under the c1 condition for both alloys, evidenced by lower /., lower C», and higher phase
angle values, which indicates lower corrosion rate and higher quality of passive film. Guo et a/[26]
studied the influence of sintering temperature and sintering time on microstructure, mechanical
properties, and electrochemical response of [3-type Ti-24Nb-4Zr-7.9Sn alloy. The authors found that
sintering at 1250 °C for 2 hours yielded with higher corrosion resistance in simulated body environments
due to the transformation of the a phase to 3 phase and due to lower porosity. Tamilselvi and
Rajendran[30] studied corrosion behavior of Ti-bAl-2Nb-1Ta alloy immersed in Hanks' solution for O h,
120 h, 240 h, and 360 h using EIS test. Also, Alves ef a/[31] investigated the electrochemical behavior
Ti and Ti6Al-4V alloy immersed in Hanks' solution for 5 min, 24 h and 7 days tested by the same
technique. Both investigations reported that the n values were related to the non-uniform current
distribution as a consequence of surface roughness or inhomogeneity. Therefore, the better quality of
the passive film obtained for both alloys produced under c2 condition may be explained by increased n

values indicating a better phase distribution, thus, improved homogeneity.

3.4.3. Tribocorrosion behavior

Thermodynamic tendency to corrosion under sliding can be evaluated through the evolution OCP
values. Although no clear trend was observed between the testing groups when considering the results
together with the standard deviation, alloys produced under c2 condition presented slightly higher
average Eo«» values indicating lower tendency to corrosion, that may be linked with the improved surface

homogeneity.
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Generally, wear loss under tribocorrosion conditions occurs through several mechanisms: wear
accelerated corrosion (W..), mechanical wear (W), and corrosion (W.). As Landolt ef a/[32]
demonstrated, the W can be neglected in case of passive materials, thus the overall wear volume loss

(Ww) is expressed as the sum of W, and Wyy,c.

Mischler et al. [33] investigated the role of passive oxide films on carbon steel sliding against
alumina ball and reported that the total wear volume loss of passive alloys in tribocorrosion system at AP
condition resulted in combined influences of corrosion and wear, while the total wear volume loss in CP
condition is attributed to mechanical wear (without the influence of corrosion). Usually, as reviewed by
Cao and Mischler [34] the wear volume loss in AP conditions is expected to be higher than those in CP
and OCP conditions due to the synergistic interplay between corrosion and wear. However, the average
wear volume losses on Ti-25Nb-5Fe alloy were similar after testing under OCP, AP, and CP, suggesting
that the degradation process was mainly governed by mechanical wear. Regarding Ti-40Nb alloy, the
average wear volume loss in AP condition was significantly lower as compared to the ones obtained on
CP and OCP conditions, indicating an antagonistic effect between corrosion and wear. This was most
probably due to the area covered by the discontinuous tribolayer that was substantially increased on
Ti-40NDb alloys tested under AP, that played a protective role against tribocorrosion, evidenced with lower
current density under sliding, lower COF, lower Q, and lower wear volume loss. Relatively lower corrosion
resistance of Ti-40Nb, more specifically its lower A. and higher /. (i.e. higher corrosion kinetics) may
lead to the formation of a denser tribolayer during repetitive disturbance of the passive film under AP
condition. This denser tribolayer may give a protection against wear and corrosion, however, after
reaching a certain thickness, may be removed by the counter-material resulting in a rapid increase on
the current density values (Fig. 3.7a). Afterward, the tribolayer starts to form itself again and consequently
the current density values decrease near to the values obtained on the onset of the sliding. Nevertheless,
the undiffused Nb may also play a role on this behavior, that needs further understanding by performing
XPS analysis before and after corrosion and tribocorrosion tests for understanding the variations on the
chemical composition of the native oxide film. Besides, lower wear volume loss values obtained on
Ti-25Nb-5Fe alloy tested under OCP and CP conditions, where the influence of the mechanical wear was
more predominant as compared to AP condition, were most likely affected by the higher hardness of this

alloy as compared to Ti-40Nb.

Microstructural and chemical analysis of the worn sample and the counter-material surfaces

indicated that wear was mainly dominated by mixed abrasive/adhesive wear mechanism. However, it
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was evident by the characterization of the worn counter-material surfaces that the influence of the
adhesive wear was significantly reduced for Ti-40Nb alloy tested at AP condition due to the reduced direct
contact area between the testing alloy and the counter-material surfaces after formation of a denser

tribolayer on the worn surface (Fig. 3.9).

3.5. Conclusion

Corrosion and tribocorrosion behavior of Ti-25Nb-5Fe and Ti-40Nb alloys processed by P/M was
investigated in saline solution (9 g/L NaCl). Electrochemical studies showed that Ti-25Nb-5Fe alloy
presented higher corrosion resistance than Ti-40Nb alloy and the corrosion resistance of both alloys
improved with the improved surface homogeneity. Ti-25Nb-5Fe alloys did not present a considerable
difference on the wear volume loss after tribocorrosion tests performed under OCP or under anodic and
cathodic potentiostatic conditions, indicating that the dominant degradation mechanism was mechanical
wear. However, Ti-40Nb alloy exhibited significantly lower wear volume loss after tribocorrosion tests
performed at anodic potentiostatic conditions, pointing an antagonistic effect between wear and corrosion

due to formation of a denser tribolayer on the worn surfaces.
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Abstract

Non-toxic and allergic free B-type Ti alloys are attractive metallic implant materials due to their
lower Young's modulus and good biocompatibility, but the corrosion and tribocorrosion behavior are yet
to be fully understood. In this study, corrosion behavior of Ti-15Nb and Ti-40Nb alloys was investigated
and compared with the commercial Ti-6Al-4V alloy through an immersion period of 21 days. The
tribocorrosion behavior was investigated under open-circuit potential by using a ball-on-plate tribometer.
Results suggested that the B-type Ti-40Nb alloy having 51 GPa Young's modulus had lower corrosion
and wear resistance as compared to the a+-type Ti-15Nb and Ti-6Al-4V alloys.

Keywords: Titanium alloys; Biomaterials; Corrosion; Immersion; Tribocorrosion

4.1. Introduction
Ti and its alloys are the most attractive metallic biomaterials used in biomedical applications due
to their high strength, excellent corrosion resistance and favorable biocompatibility. The o+B-type
Ti-6Al-4V alloy has been widely used in orthopedic implants, particularly for total hip arthroplasties [1].
However, mostly used o-type and o+[3-type Ti based implant materials have Young's modulus around
100-120 GPa, whereas Young's modulus of bone varies in a range of 4-30 GPa [1,2]. The difference

between Young’'s moduli of the implant and bone lead to bone resorption and eventually implant
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loosening, so-called stress shielding [3]. The most commonly used material in bone replacement and
repair is Ti-6Al-4V alloy, however, the alloying elements present in this alloy raises some clinical concerns
such as neurological diseases and cytotoxic effects [4-6]. Therefore, novel Ti based alloys having low
Young's modulus and having non-toxic and allergic-free elements are needed for bone and tissue

applications [7].

The low Young's modulus Ti alloys have been developed with toxic-free elements, better
mechanical properties, good corrosion resistance and excellent biocompatibility, by using [-stabilizing
and biocompatible elements such as Nb, Mo, Ta, Zr, especially for orthopedic implant applications.
Among these alloys, Ti-Nb based alloys draw a considerable attention for biomedical applications not
only due to their non-toxicity, good corrosion behavior and biocompatibility, but also due to the presence
of Nb that is reported as favorable for osteogenesis [8], cell adhesion, proliferation, and differentiation /n

vitro [9,10].

The spontaneously formed native passive oxide film on Ti and its alloys not only determines the
corrosion resistance and release of metallic ions but also influences the biocompatibility of implants [11].
Accordingly, the corrosion behavior and biocompatibility of B-type Ti-xNb alloys are influenced by Nb
stabilizing element in the passive film consisted of a mixture of protective oxides (TiO. and Nb:Os) [12].
For instance, Han ef a/. [13] reported a higher corrosion resistance for Ti-xNb (x=5, 10, 15, and 20 wt%)
alloys as compared to cp-Ti in 9 g/L NaCl solution at body temperature, due to a more protective natural
oxide layer. Apart from the structure of the passive film, the microstructure also has an effect on the
corrosion behavior [14]. Cremasco et al. [15] investigated the effect of water quenching and furnace
cooling on the corrosion behavior of Ti-35Nb alloy by electrochemical impedance spectroscopy and
potentiodynamic polarization. It was found that water quenching decreased the corrosion performance
of the alloy due to its microstructure consisting of acicular martensitic phase. Bai ef a/. [16] studied the
corrosion behavior of TixNb (x=45 and 55 wt.%) alloy and commercial Ti-11Mo-6Zr-4Sn alloy in artificial
saliva, and with addition of lactic acid and sodium fluoride solution. It was reported that the better
corrosion resistance of TixNb alloy over Ti-Mo-Zr-Sn alloy in fluoridated saliva and fluoridated acidified
saliva was due to the precipitation of acicular martensitic a’’ phase in B phase for Ti-Mo-Zr-Sn alloy.
Bai ef al [17] investigated the biocompatibility and corrosion behavior of Ti-45Nb alloy and cp-Ti in
different solutions (simulated body fluid, modified Fusayama-Meyer artificial saliva, and fluoridated
acidified artificial saliva) and found that the Ti-45Nb alloy presented better cell attachment and superior

corrosion resistance than Ti due to the nobler behavior of Nb.
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Most of the implants are exposed to tribocorrosion that is the degradation of material surfaces
due to the simultaneous corrosion and mechanical interactions in a tribological contact [18]. For
instance, tribocorrosion observed in hip joints since relative moments occur between femoral head and
acetabular cup, as well, between femoral stem and cortical bone in the presence of body fluids [19].
More et al. [20] studied the tribocorrosion behavior of Ti-12.5Mo, Ti-13Nb-13Zr and Ti-29Nb-13Ta-4.6Zr
B-type titanium alloys and Ti-6Al-4Fe a+B-type Ti alloy under open circuit potential (OCP) and passive
applied potential against ultra-high molecular weight polyethylene in Hank's balanced salt solution. The
authors showed that the polyethylene presented low wear against -type alloys and [3-type alloys exhibited

repassivation even during sliding, at passive potential and OCP.

Surface degradation of implants is one of the most important drawbacks for long-term
implantation in the human body. In the last decade, many efforts have been spent for the development
B-type Ti alloys, but the degradation behavior of these alloys are yet to be fully understood. Therefore,
the present work aimed at studying the degradation behavior of Ti-15Nb and Ti-40Nb alloys in a simple
physiological solution at body temperature, in comparison with Ti-6Al-4V as the most popular Ti alloy, by
performing corrosion tests during prolonged times of immersion (up to 21 days), as well, by performing

tribocorrosion tests against a hard and inert counter material.

4.2. Experimental procedure

4.2.1. Materials and processing

The raw materials used to produce alloys were cp-Ti (99.7% purity, Sandinox Biometais, Brazil)
and Nb (99.8% purity, Brazilian Metallurgy and Mining Company). In order to remove superficial
impurities, Ti and Nb raw materials were chemically cleaned in an HNO:HF (4:1) and
HNO::HF:H.0 (2:2:1) solutions respectively. After chemical cleaning, the materials were immersed in
acetone and cleaned in an ultrasonic bath for 20 minutes. These metals were melted by using an
arc-melting furnace with water cooled copper crucible, non-consumable tungsten electrode under
controlled atmosphere of argon. After that, the samples were subjected to heat treatment (1000 °C/24
h) in an ultra-vacuum furnace for homogenization. Then, the ingots with 15 wt.% and 40 wt.% of Nb were
obtained by a hot-rolling process at 900 °C. After the hot-rolling, the samples were submitted to a new
heat treatment of 8 hours in vacuum to relieve the residual stress resulted from the machining procedure.
In order to compare the results, commercial Ti-6Al-4V (VSMPO Tirus, US, ASTM B348, Grade 5) alloy

was used in all tests.
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Before microstructural characterization and microhardness measurements, samples were
grinded down to 2400 mesh SiC paper, polished with colloidal silica suspension (Buehler, 0.02 um) for
5 min in polishing machine (Aropol-2v, Arotec), and afterwards, etched with Kroll's reagent
(%3 HF + %6 HNO: + %91 H.0). For corrosion and tribocorrosion tests, samples were grinded with SiC
papers down to 1200 mesh then cleaned in propanol and in distilled water for 10 min and 5 min

respectively in ultrasonic bath. Before starting each test, samples were stored in a desiccator for 1 day.

4.2.2. Corrosion and tribocorrosion tests

Corrosion tests included of OCP measurements, potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) were employed on 1.0 cm? of exposed area in 200 mL of
saline solution (9 g/L NaCl) using Gamry Potentiostat/Galvanostat (model Reference-600+). A saturated
calomel electrode (SCE) was used as reference electrode (RE), a Pt electrode was used as the counter
electrode (CE) and the samples were used as working electrode (WE). Prior to potentiodynamic
polarization, OCP employed till stabilization of native oxide film (AE < 60 mV vs. SCE) and afterwards,
the polarization scan was performed with 0.5 mV/s scan rate, starting at —0.25 Voer up to 1.5 Vsee. EIS
measurements were performed after 4 h, 1 day, 2 days, 4 days, 8 days, 16 days, and 21 days of
immersion. Gamry Echem Analyst software was used for fitting the raw data and the quality of the
proposed the electrical equivalent circuit (EEC) was evaluated by the goodness of fitting (x?). The potential
of each sample was monitored during 30 min in test solution before each EIS measurement. The EIS
measurements at OCP was carried out with a 10 mV of sinusoidal amplitude by scanning a range of

frequencies from 10° Hz to 102 Hz with counting 7 points per frequency decade.

Tribocorrosion tests were performed at body temperature in saline (9 g/L NaCl) electrolyte using
a tribometer (CETR-UMT-2) with pin-on-plate reciprocating sliding configuration. A two-electrode set-up
was used where the samples were placed as WE against an alumina ball (10 mm in diameter, Ceratec)
using a Gamry Potentiostat/Galvanostat/ZRA (model Reference-600). The tests were carried out under
a reciprocating sliding frequency of 1 Hz, normal load of 1 N corresponding to maximum Hertzian contact
pressures of 0.37 GPa, 0.27, and 0.42 GPa for Ti-15Nb, Ti-40Nb, and Ti-6Al-4V alloys respectively, and
amplitude of 3 mm. Sliding started after stabilization of OCP (AE < 60 mV vs. SCE) and continued during
30 min. Afterwards, the counter material was removed and OCP recorded for further 20 min in order to

observe the repassivation.

All corrosion and tribocorrosion tests were triplicated on three different samples and all results

were presented as the arithmetic mean + standard deviation.
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4.2.3. Characterization

Microstructures and chemical compositions were analyzed by optical microscope
(Leica, DM2500), scanning electron microscope (SEM, EVO LS15 Carl Zeiss, with software SmartSEM),
equipped with X-ray energy dispersive spectroscopy (EDS). Structural characterization of Ti-Nb alloys was
performed by X-ray diffraction (XRD, DMAX-2100, Rigaku) and the quantification of phases estimated
through the Rietveld’s method by using the General Analyzer System Structure (GSAS) [22]. Vickers
microhardness were determined by 5 identations performed randomly per sample using an Emcotest
Durascan tester at a load of 9.8 N (1 kgf) during 15 s. The measurements of the elastic modulus were
carried out in a dynamic manner using the Sonelastic® equipment (ATCP) based on ASTM-E1876
standard from 10 measurements, using the technique of excitation by impulse, with the samples placed

in flexural vibration.

After each tribocorrosion test, the samples were cleaned by an ultrasonic bath in propanol and
in distilled water for 10 min and 5 min respectively. The worn surfaces and collected wear debris were
investigated by using FEG-SEM (FEI Nova 200) with backscattered (BSE) and secondary electron (SE)
configuration, and analyzed with EDS. The total wear volume loss was determined by following the
calculation procedure given elsewhere [21] through wear track profiles obtained by a surface profiler

(Veeco, Dektak 150).

4.3. Results and discussion

4.3.1. Microstructural and mechanical characterization

Microstructural analysis revealed a homogenous distribution of Nb in both alloys, without any
segregations (Figs. 4.1a and 4.1b). Nevertheless, the amount of Nb in Ti matrix significantly affected the
microstructure. XRD pattern (Figs. 4.1c and 4.1d) revealed that while Ti-15Nb alloy is composed of
hexagonal-Ti (o-Ti) and body centered cubic-Ti (3-Ti) phases, which is composed by 56% o-Ti - 44% (-Ti,
while 100% B-Ti was calculated for the Ti-40Nb alloy. Microstructural analysis revealed typical
Widmanstatten o+ structure for the Ti-15Nb alloy (Fig. 4.1e), whereas the Ti-40Nb alloy exhibited single-
phase  microstructure (Fig. 4.1f). These microstructural differences also affected the mechanical
properties, resulting with in a slight increase on hardness from the Ti-15Nb to the Ti-40Nb (249 + 3 and
262 + 5 HV.s, respectively) together with a significant decrease on the Young's modulus (88 + 1 for the
Til15Nb and 51 + 1 GPa for the Ti-40Nb). For comparison, it is worth to note that the hardness of the
commercial Ti-6Al-4V alloy is 350 + 5 HV.;, and its Young's modulus is known from the literature to be

112 GPa [1].
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Fig. 4.1. EDS mapping (a, b), XRD pattern (c,d), and OM images (e, f) of Ti-15Nb and Ti-40Nb alloys

respectively.

4.3.2. Corrosion behavior

Representative results of the potentiodynamic polarization tests are plotted in Fig. 4.2, together
with a table depicting the corrosion potential (£:-0) and the passivation current density (/) at 0.5 Vsce. A
well-defined passivation plateau was observed for all alloys. The /.. for the Ti-6Al-4V and Ti-15Nb were

very similar and lower than the ones observed for the Ti-40Nb.
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The corrosion behavior of passive materials is determined by the nature of the passive film
spontaneously created on their surfaces. For Ti-Nb alloys it is reported that the passive film can be
composed of TiO. and Nb.Os, while TiO., Al.Os, and V:0s were found in the passive film of the Ti-6Al-4V
alloy [23,24]. Nevertheless, the relative ratio of oxides is strongly dependent of the formation conditions
and environmental history [24]. The Ti-15Nb and Ti-6Al-4V alloys presented very similar potentiodynamic
polarization curves, whereas the curve of Ti-40Nb shifted slightly to the right indicating relatively
accelerated kinetics. The /. values observed in this work are in accordance with those found by Gostin
et al. [25] and Pilz et al. [12], who studied the potentiodynamic polarization of alloys in Ringer’s solution
and Tris-buffered saline (pH 7.6), respectively, where lower j.values were reported for the Ti-6Al-4V alloy
than the Ti-40Nb alloy. However, an opposite trend was reported by Yilmaz ef a/. [26] after evaluating
the corrosion behavior of powder injection molded a+(-type Ti-16Nb and Ti-40Nb alloys (mostly 3 phase
but it was included a small amount of a phase) in simulated body fluid by using potentiodynamic
polarization curves. The authors reported that the increased amount of Nb resulted with lower anodic
current density values that was linked to the presence of Nb.Os on the passive film that was indicated as
more stable as compared to Al.Os; and V.0s oxide compounds. These controversial results reported in the
literature points that the effect of the nature of the passive film and the microstructure on the corrosion

behavior of Ti-Nb alloys requires further electrochemical analysis.
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Fig. 4.2. Representative potentiodynamic polarization curves.

The evolution of OCP through immersion time for the Ti-6Al-4V, Ti-15Nb, and Ti-40Nb alloys is

presented in Fig. 4.3. The OCP values increased during the first 192 h (8 days) for all alloys, reaching
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similar electrochemical potentials (close to 0 V vs. SCE). Afterwards the values of Ti-15Nb and Ti-40Nb
were remained relatively stable while the electrochemical potential of the Ti-6Al-4V alloy slightly increased
reaching approximately 0.1 Vs:at the end of the immersion period. The increase of OCP indicates a
decrease in reactivity of the alloys and is usually associated with the thickening of the passive film in
contact with the electrolyte, and/or to changes in the composition and structure of the passive film

[23,27].
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Fig. 4.3. Evolution of OCP during 21 days in 9 g/L NaCl.

The Bode diagrams of EIS spectra for 4 h, 2 days, 8 days, and 21 days of immersion are given
in Fig. 4.4, together with the EEC used for simulation of the experimental data, representing a naturally
formed oxide layer on the surface. All alloys presented the goodness of fitting below the 10+ indicated a
perfect agreement between the experimental data and the proposed EEC. At low and middle frequencies
(102— 107 Hz), the phase angle values of all samples were close to —90- indicating a capacitive behavior
of a compact layer whereas the constant |Z| values near O at high frequencies (102 — 105 Hz) presents

the response of the electrolyte resistance.

Regarding the EEC, A.is the electrolyte resistance, R is the resistance of the native oxide film,
and O is the constant phase element (CPE) indicating the deviation from an ideal capacitive behavior.
The impedance of a CPE is given as Zqpp = [Yo(jw)™] ™1, where Y, is CPE admittance in Q's'cm?
units, j = V=1 is the imaginary unit, w = 2rf is the angular frequency in rad/s, and n is
dimensionless number. The n values varies in —1 < n < 1 range and the CPE indicates an inductor,

a resistor, and a capacitor behavior whenn = —1, n = 0, and n = 1, respectively. The n value about
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1 presents a non-deal capacitor behavior by CPE where it is related to a non-uniform current distribution

due to the surface roughness and inhomogeneity.
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4.4. Bode diagrams of a) Ti-6Al-4V, b) Ti-15Nb, and c) Ti-40Nb alloys in 9 g/L NaCl solution for

different immersion times, together with d) the proposed EEC.

Fig. 4.5 presents the /. and Q. evolution as function of immersion time. After 4 h of immersion,

the average A.values were similar for all alloys. However, R increased after 4h, where the increase was

more noticeable on Ti-6Al-4V alloy. On the other hand, Q. values decreased during the immersion time

where Ti-15Nb alloy presented lower values as compared to the other alloys. As it is known, O is directly

proportional to C. (capacitance of the natural oxide film), which is defined by C = %, where g, is the

vacuum primitivity (g, = 8.9x10"Fcm™1), ¢, is dielectric constant number, Ais the exposure area,

and dis the thickness of the oxide layer [28]. Therefore, the decrease on Ox during the immersion period

may be linked with the thickening of the passive film, indicating an improvement on its quality [29].
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Fig. 4.5. Evolution of A, and Q. with immersion time.

The increase of A. for all alloys with the immersion period shows that the natural oxide film
formed on the alloys became more resistive. The variations in the /. may be linked to the structural
changes in the oxide layer and/or changes in the ionic or electrical conductivity of the oxide layer that
may happen during the immersion period [30]. The average A. value of Ti-6Al-4V alloy was higher than
that of the Ti-xNb alloys after 21 days of immersion, while the 0. values of the Ti-6Al-4V alloy evolved in
between the values of Ti-15Nb and Ti-40Nb alloys. Normally, higher A. of Ti-6Al-4V is expected to give
lower QOxvalue. This contradiction behavior of the Ti-6Al-4V alloy may be linked with the structure of the
oxide film. It had been suggested in the literature that the oxide film naturally formed on the Ti-6Al-4V
alloy surface is mainly composed by titanium oxides (mainly at the metal/oxide interface), however at
the oxide/electrolyte interface this layer also contains aluminum oxides, along with vanadium oxides [31].
MetikoS-Hukovi¢ et a/. [32] stated that V is able to diffuse up to the Ti-6Al-4V alloy surface leading to the
formation of V.0s and other suboxides at the outermost surface. Moreover, vanadium oxide dissolution
causes generation of vacancies in the oxide film [30,32]. However, these oxides are not as protective as
TiO. films, thus the presence of these oxides leads to lower general quality of the passive film formed on
Ti-6Al-4V alloy, particularly with the presence of chloride ions in the solution. This mechanism can also
be understood by observing the variation of Q. values. While the all tested alloys showed similar trend
with immersion time, the Ti-6Al-4V alloy presents higher values compared to Ti-15Nb that may be
explained by the dissolution of vanadium and aluminum oxides. Cordeiro ef a/. [33] studied the corrosion
behavior of Ti-Zr and Ti-Nb-Zr alloys in comparison with Ti and Ti-6Al-4V by using potentiodynamic
polarization and EIS in SBF solution. The authors reported a higher corrosion resistance for a+§-type
Ti-6Al-4V alloy than B-type Ti-35Nb-10Zr alloy and linked the difference with the less protective behavior
of the passive film formed on [3 phase, as well as the higher hardness of Ti-6Al-4V alloy, that gave a
better support to the oxide layer. This favorable effect of the hardness had also previously been reported
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by Cvijovic-Alagi¢ et al [31] for Ti-6AlF4V and Ti-13Nb-13Zr alloys where higher hardness of the
Ti-6AI-4V alloy reported to support a thicker and more firmly adhered oxide layer as compared to a
softer one. Regarding Ti-Nb alloys, lower 0. values of Ti-15Nb than Ti-40Nb alloy indicates the formation
of a thicker and higher quality of oxide film, that requires further investigation particularly regarding its

structure.

4.3.3. Tribocorrosion behavior

4.3.3.1. Wom surface analysis

In order to have an understanding on the tribocorrosion mechanism, worn surfaces and wear
debris were characterized by SEM/EDS. Fig. 4.6 shows the wear track surfaces where parallel ploughing
grooves and adhered/oxidized patches can be observed on all alloys. The fine aligned grooves indicated
that abrasive wear occurred for all tested samples. Relatively denser oxidized patches were observed on
Ti-6Al-4V surfaces as compared to both Ti-Nb alloys, as evidenced on the BSE images, that may be
related with the higher hardness of the Ti-6Al-4V alloy that gave a better support to those patches, as
previously explained by Lee et a/. [34] on the wear behavior of 3-type Ti-29Nb-13Ta-4.6Zr and a+[3-type
Ti-6Al-4V alloys. On the other hand, Ti-6Al-4V produced finer and more regular blocky debris, whereas
flake-like wear debris were observed on the Ti-Nb alloys. Moreover, the EDS spectra taken from the debris
produced on Ti-6Al-4V exhibited higher oxygen peak compared to the ones obtained on Ti-Nb alloys. SEM
images of the wear scars together with detached pieces from samples (insert images) on alumina ball
and the EDS taken from the worn area are given in Fig. 4.6. EDS spectra suggested that material from
the samples was transferred to the ball, clearly indicating the adhesive wear, that appeared to happen
more on Ti-Nb alloys than Ti-6Al-4V alloy. The wear scar on the alumina ball slid against the Ti-40Nb alloy
was relatively larger than the wear scar against the Ti-15Nb alloy, while the smallest wear scar was

obtained ball slid against the Ti-6Al-4V alloy.
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Fig. 4.6. SE and BSE-SEM wear track images, SE-SEM wear debris images together with corresponding
EDS spectra, and wear scar images of counter material together with corresponding EDS spectra for

Ti-06Al-4V, Ti-15Nb, and Ti-40Nb.

Total wear volume loss and hardness of Ti-6Al-4V, Ti-15Nb, and Ti-40Nb alloy measured outside
and inside the wear tracks are given in Table 4.1. The Ti-6Al-4V alloy presented significantly lower wear
volume loss than both Ti-Nb alloys. Hardness of both Ti-Nb alloys did not vary significantly between the
measurements taken on the worn and unworn surfaces whereas the hardness of Ti-6Al-4V alloy was
significantly higher on the wear tracks. In addition to work hardening and the formation of the oxide
patches, the plastic deformation at the subsurface of the wear track may led to lower wear volume loss
for Ti-6Al-4V alloy. Fig. 4.7 shows BSE images of the subsurface of the wear track for all samples. A clear
deformation zone was observed at the subsurface of Ti-6Al-4V alloy, while it was not observed evidences
of deformation for both Ti-Nb alloys. It may be assumed that the higher stress level during sliding tended

to produce a greater amount of dislocations in the subsurface zone and therefore led to a higher
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hardness. This subsurface deformation on Ti-6Al-4V wear track accompanied by strain hardening
improved the resistance against wear. While Ti-6Al-4V and Ti-15Nb alloys were composed of o+f3 phase,
the higher wear volume loss values of Ti-15Nb alloy can be explained by its lower hardness value and
lack of strain hardening resulted from its microstructure. Significantly higher wear volume loss of Ti-40Nb
alloy may be explained by the elevated contribution of delamination wear as evidenced by relatively
rougher wear track surface and subsurface cracks (insert Fig. 4.7c). In delamination wear mechanism
[35], it is assumed that the contact asperities have an increased plastic deformation during the relative
movement, which accumulates during repetitive interactions. When the accumulated strain reaches a
critical level, the subsurface cracks are nucleated below the wear track. When the crack becomes large
enough, it fractures to yield flake-like debris (delamination). The similar subsurface cracks and flake-like
wear debris behavior were reported by Lee et a/. [36] for B-type Ti-29Nb-13Ta-4.6Zr alloy that tested in

Ringer’s solution and air explained by dominantly adhesive and delamination wear mechanisms.

Table 4.1. Wear volume loss and hardness of samples outside and inside wear tracks.

Samples Wear volume loss Hardness (HV:)
(mma) Outside wear track Inside wear track
Ti-6Al-4V 0.006 + 0.001 350+ 8 423 + 26
Ti-15Nb 0.016 + 0.003 251+7 269 + 10
Ti-40Nb 0.041 + 0.004 258+ 8 265+ 16
- Sliding direction >

Fig. 4.7. Cross-sectional BSE SEM images of wear tracks parallel to the sliding direction for

(a) Ti-6Al-4V, (b) Ti-15Nb, and (c) Ti-40Nb.

According to Archard’s law, the wear volume loss of Ti-6Al-4V and Ti-Nb alloys should be

correlated with their hardness [37]. However, this assumption does not take into account the role of
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hardening and oxides formation during sliding [38]. For instance, Yang ef a/ [39] studied the
tribocorrosion behavior B-type Ti-12Mo-6Zr-2Fe alloy and a+[-type Ti-6Al-4V alloy in SBF and reported
much higher wear volume loss values for Ti-12Mo-6Zr-2Fe alloy as compared to Ti-6Al-4V alloy. The
authors suggested that elevated wear volume loss was due to lack of strain hardening on -type Ti alloys,
that may also be the reason for more severe wear on fully 3-type Ti-40Nb alloy observed in the present

study.

4.3.3.2. Tribocorrosion analysis

The monitored OCP and coefficient of friction (COF) is given in Fig. 4.8. When sliding started, all
alloys presented a sudden decrease on potentials (cathodic shift) because of the mechanical damage
given to the passive oxide film, showing an increase on the tendency to corrosion [20,40-42]. Afterwards,
the potential values were slightly increased and then exhibited a steady state with oscillations resulting
from repetitive repassivation-depassivation actions. When the sliding stopped, the OCP values were
immediately increased close to the values observed before sliding due to the repassivation of the worn
areas [20,40-42]. As can be seen on Fig. 4.8, no significant difference was obtained on the evolution of

OCP between the testing alloys.

Regarding the evolution of COF, relatively stable values were observed during all sliding period,
having average values of 0.38 + 0.04, 0.45 + 0.01, and 0.69 + 0.02 for Ti-6Al-4V, Ti-15Nb, and Ti-40Nb
alloys respectively. The higher COF of the Ti-40Nb alloy than those of the a+[-type Ti-15Nb and
Ti-6Al-4V alloys may be linked with the elevated influence of the delamination wear and consequently,
increased formation of flake-like wear debris. On the other hand, the formation of oxidized patches can
significantly affect the COF values due to reduced contact between metal and counter material [43] that
can explain the relatively lower COF values for the Ti-6Al-4V alloy (Fig. 4.6). Denser oxidized patches
observed on the worn Ti-6Al-4V alloy surfaces may be explained by the higher hardness value of this
alloy, since, as reported by Cvijovi¢-Alagi¢ et a/. [31], the harder material is able to hold a thicker oxide
layer more uniformly as compared to a softer material. Therefore, while the OCP evolution of both Ti-Nb

alloy were similar, COF values were significantly affected by their microstructures.
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Fig. 4.8. OCP and COF evaluation of alloys in saline solution.

4.3.3.3. Tribocorrosion mechanism

The wear process usually involves more than one simultaneous wear mechanism [44]. Fig. 4.9
schematically show the wear mechanism suggested for Ti-6Al-4V, Ti-15Nb and Ti-40Nb alloys. Abrasive
and adhesive wear mechanisms were observed for all alloys although adhesive wear was more evident
for Ti-Nb alloys. Also, the worn region of the Ti-6Al-4V alloy was characterized by a discontinuous tribolayer
and subsurface plastic deformation. Finally, although both Ti-Nb alloys exhibited similar worn surface
features, the Ti-40Nb alloy presented significantly higher wear loss and higher COF values, linked with
formation of a more severe delamination wear, evidenced by elevated formation of subsurface cracks
and flake-like wear debris.

® Normal load ® Normal load © Normal load

‘Stiding direction Adbeced oxidigd Sliding diwestion

Adhered oxidised.
patches
ear

Transfered Subsurface  Transfered
hardened debris crack  hardened debris

Fig. 4.9. Schematic illustration of wear mechanism of (a) Ti-6Al-4V (b) Ti-15Nb, and (c) Ti-Nb alloys.

4.4. Conclusion

Corrosion and tribocorrosion behavior of o+B-type Ti-15Nb and B-type Ti-40Nb alloys were
investigated in compared with the commercial Ti-6AI-4V alloy. Although B-type Ti-40Nb alloy appears to
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be promising for osseointegrated implants, due to its lower Young's modulus (51 GPa), it exhibited lower
corrosion resistance evidenced by lower resistance of the native oxide film and higher values of constant
phase element through all immersion period suggestion a difference on the thickness and quality of the
film. Ti-40Nb alloy also exhibited lower resistance to tribocorrosion particularly due to elevated influence
of delamination wear. Therefore, these results showed that corrosion and tribocorrosion behavior of
B-type Ti alloys should carefully be investigated and when necessary, suitable surface modification

techniques should be considered before using them in load-bearing implant applications.
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Abstract

This work investigates the corrosion and tribocorrosion behavior of a+f Ti-12Nb alloy processed
by casting and sintering, in 9 g/I NaCl solution at body temperature, and compares the results with the
commercial Ti-6Al-4V alloy. Different electrochemical techniques were used to access the corrosion
behavior. Tribocorrosion behavior was studied at open circuit potential under continuous and intermittent
sliding, and at anodic potentiostatic condition under continuous sliding. Results revealed that Ti-12Nb
alloys presented similar tribocorrosion behavior although the sintered one exhibited a better corrosion
behavior. Nevertheless, Ti-6Al-4V presented better overall degradation resistance than both Ti-12Nb

alloys.

Keywords: Titanium alloys, Casting, Powder metallurgy, Corrosion, Tribocorrosion
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5.1. Introduction

Titanium alloys are chosen for biomedical applications due to their superior corrosion resistance,
excellent mechanical strength, and good biocompatibility. Among these alloys, the a+[3 Ti-6Al-4V alloy
has been extensively used in biomedical implants owing to the combination of unique physical and
mechanical properties. However, considerable controversy has been raised due to possible long term
adverse effects of released Al and V ions from Ti-6Al-4V alloy [1]. Also, its Young's modulus (T 110 GPa)
is much higher than that of human bone (™20 GPa) [2]. The mismatch in Young’s modulus may lead to
inhomogeneous transfer of stress between the implant and bone resulting in resorption of bone (stress

shielding phenomenon) [3].

Ti-Nb based alloys have attracted attention due to their lower Young’s moduli [4], good corrosion
resistance [5], and superior biocompatibility [6]. Yilmaz ef a/ [7] presented that the good corrosion
resistance of Ti-Nb alloys over Ti has been governed by the stable behavior of Nb.Osoxide. In addition to
the effect of the alloying elements, the microstructure also has a significant effect on corrosion behavior
[8]. Sintered alloys usually have higher porosity as compared to the cast alloys, that can also influence

the corrosion behavior [9].

Some biomedical applications such as hip prosthesis constitute a tribocorrosion system due to
the presence of relative movements between bone and implant, and between the modular parts of the
prosthesis during the movement of the human body. The release of metallic ions due to corrosion and
wear can cause osteolysis and eventually implant failure [10]. Corrosion and tribocorrosion behavior of
Ti and Ti-6Al-4V have been well studied in different conditions. For instance, Dimah ef a/. [11] studied
the corrosion and tribocorrosion behavior of cp-Ti, Ti-6Al-4V, and Ti-6Al-4V-ELI in phosphate buffered
solution (PBS) with and without the addition of bovine serum albumin. It was reported that the produced
wear debris was affected by the testing solution. The authors also studied the influence of repassivation
rate and passive film growth on the tribocorrosion behavior of the Ti-6Al-4V-ELI alloy through intermittent
sliding tests and it was found that the wear rate increased with increasing of the resting time between
the sliding cycles due to the growth of the passive films during the pause periods. On the other hand,
regarding the effect of the processing route, Licausi ef a/ [12] investigated the corrosion and
tribocorrosion behavior of Ti-6Al-4V alloy processed by either casting or powder metallurgy (P/M),
in artificial saliva (with or without the addition of fluoride) and commercial mouth wash. Although the
results were influenced by the testing solutions, as general, the authors reported better tribocorrosion

behavior for the sintered alloys.
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While its toxicity and high Young's modulus is still a concern, the a+( type Ti-6AI-4V alloy is still
the dominant Ti-based implant material. Although vanadium-free Ti-6Al-/Nb alloy was developed for
biomedical applications, especially for hip prothesis [13], this alloy has still higher Young's modulus
(110 GPa) [13] and still include Al, that is suspected to be associated with Alzheimer's disease [1,14].
Recently, several studies reported lower wear resistance for low Young's modulus and non-toxic [3-type
Ti alloys tested in 9 g/I NaCl solution [15], Ringer’'s solution [16], simulated body solution [17], and
under dry sliding condition [18], mainly due to the low strain hardening behavior of the 3 phase. Further
understanding is needed on the tribocorrosion behavior of non-toxic and low Young's modulus Ti alloys
being developed as an alternative to Ti-6Al-4V for load-bearing implant applications. Accordingly, this
study aims to process the a+[ Ti-12Nb alloy either by casting and P/M and to investigate the influence

of the processing method on the degradation behavior in comparison with the commercial Ti-6Al-4V alloy.

5.2. Experimental procedure

5.2.1. Materials and processing

The raw materials used to produce cast Ti-12Nb alloy were Ti (99.7% purity, Sandinox Biometais,
Brazil) and Nb (99.8% purity, Brazilian Metallurgy and Mining Company), whereas TiH. (GfE, Ds: 27um)
and Nb (Alfa Aesar, Ds: 15um) powders were used to produce the sintered Ti-12Nb alloy. Regarding the
cast alloy, the raw metals were arc-melted on a water-cooled copper crucible under an argon inert
atmosphere with a non-consumable tungsten electrode. The ingots were re-melted several times then
heat treated at 1000 °C for 24 h in an ultra-vacuum furnace for homogenization. Afterwards, the ingot
was submitted to a hot-rolling treatment carried out at 900 °C and, finally, another heat treatment at
1000 °C for 24 h in a vacuum to relieve the residual stress during the machining procedure (complete
details of the processing are given elsewhere [15]). In the case of the alloy produced by P/M, TiH. and
Nb powders were homogenized by mixing for 1 h in a Turbula® multidirectional mixer. Green compacts
(16 mm in diameter and about 3-4 mm in thickness) were acquired under 700 MPa pressure using zinc
stearate as a die wall lubricant. The samples were sintered in a tubular furnace under a high vacuum
(105 mbar) by holding 4 hours at 1250 °C (complete details of the processing are given elsewhere [19]).
Commercial Ti-6Al-4V alloy (VSMPO Tirus, US, ASTM B348, Grade 5) was used as a control group.

5.2.2. Characterization of alloys
The microstructure of the alloys was characterized by optical microscopy (Leica, DM2500) after

preparing the samples by grinding down to 1200 grit SiC paper, then polished with colloidal silica

130



suspension (0.02 um particle size), and etched by Kroll's reagent (3 ml HF, 6 ml HNOs, and 91 ml H.0).
The structural characterization of Ti-12Nb alloys was performed by X-ray diffraction (XRD, DMAX-2100,
Rigaku). The phase percentages were calculated with the Rietveld refinement method by using Topas-
Academic software. Microhardness of the alloys was determined by 10 indentations with a load of
4.90 N (0.50 kgf) during 30 s. The Young's modulus of the cast and sintered Ti-12Nb alloys was obtained
from 10 measurements by using a dynamic manner with the Sonelastic® equipment (ATCP) based on
ASTM-E1876 standard, using the technique of excitation by impulse, with the samples placed in flexural

vibration. Roughness of the alloys was taken by a non-contact profilometer (Veeco, Dektak 150).

5.2.3. Corrosion tests

The corrosion behavior was analyzed through electrochemical impedance spectroscopy (EIS),
and potentiodynamic polarization measurements in saline (9 g/l NaCl) solution at body temperature
(37 £ 2 °C) using Gamry Potentiostat/Galvanostat/ZRA (model Reference-600+). In order to observe the
stabilization of the native oxide film formed on the sample surfaces, OCP was monitored until obtaining
AE< 60 ml/h [20]. Afterwards, EIS tests were carried out with scanning between 1072 to 10s Hz with
7 points per frequency decade with 10 mV of the amplitude of a sinusoidal signal. The potentiodynamic
polarization scans were studied from -0.25 Vo to 1.5 Ve with a scan rate of 0.5 mV s All
electrochemical tests were performed in a three-electrode cell with 180 ml of the electrolyte where
samples were used as the working electrode (WE), with an exposed area of 0.38 cm?, a Pt electrode was
used as the counter electrode (CE), and a saturated calomel electrode (SCE) was used as the reference

electrode (RE).

5.2.4. Tribocorrosion tests
Tribocorrosion tests were performed in an electrochemical cell connected to a reciprocating ball-on-plate
tribometer (CETR-UMT-2). The experiments were performed in saline (9 g/| NaCl) solution at 37 + 2 °C
temperature using Gamry Potentiostat/Galvanostat/ZRA (model Reference 600) with the same electrode
configurations used in the electrochemical tests. A 10 mm diameter alumina ball (Ceratec) was used as
the counter-body. The tests were carried out both under continuous and intermittent sliding at OCP, and
under continuous sliding at an anodic applied potential (AP) of +0.5 Vsee (Fig. 5.1). Intermittent tests were
included in order to provide an extra information on the mechanism of the periodic removal and re-growth
of surface oxide film [21]. During intermittent sliding, linear polarization (LPR) scans were performed
3 min before each sliding step, and 7 min after the final sliding step, at + 20 mVo» with 0.5 mVs-

scanning rate, in order to investigate the effect of sliding damage on the polarization resistance
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(R, extracted from LPR tests by using Gamry Echem Analyst software version 7.1). Each 6 sliding steps
were employed for 5 minutes, giving 30 min of total sliding time such as continuous sliding. All
tribocorrosion tests were performed at 1 Hz of frequency, 3 mm of amplitude, and 1 N of normal load
(corresponds to 0.41 and 0.37 GPa maximum Hertzian contact pressure for Ti-6Al-4V and both Ti-12Nb
alloys, respectively [22]). After each test, samples were cleaned in propanol and distilled water in
ultrasonic bath for 10 min and 5 min, respectively, and the surfaces were analyzed by using FEG-
SEM/EDS (FEI Nova 200/EDAX). Wear volume loss was calculated for all conditions following the method
described before by Doni et a/. [23], through wear track profiles taken by a profilometer (Veeco, Dektak

150).
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Fig. 5.1. Schematic representation of the tribocorrosion protocol.

5.2.5. Statistical analysis
The results are presented as the average + standard deviation values from tests run in triplicates
on three independent samples. Statistical analysis was evaluated by one-way ANOVA followed by Tukey's

test for multiple comparisons, considering p < 0.05 as significant.

5.3. Results

5.3.1. Physical and structural properties

The microstructures and XRD pattern of the Ti-6Al-4V and Ti-12Nb alloys are given in Fig. 5.2.
The optical microscope images evidence microstructures constituted by a mixture of o+ phases for all
alloys. The Ti-6Al-4V alloy showed the small-sized homogenous distribution of grains with equiaxial a
phase and 3 phase in grain boundaries (Fig. 5.2a). The light-colored (Nb rich area) and dark-colored
(Ti-rich area) regions on Ti-Nb alloys represent 3 and a phases, respectively. The cast (Fig. 5.2b) and
sintered (Fig. 5.2c) Ti-12Nb alloys are composed of lamellar a+f3 phases, however, the cast Ti-12Nb
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alloy showed a thicker and relatively inhomogeneously distributed 3 phase, that may be explained by the
hot deformation during processing resulting in the change of microstructures and phase transformations
on two-phase titanium alloys as pointed by Banumathy et a/. [24]. The sintered Ti-12Nb alloy exhibited
smaller grain size and a more homogenous distribution of lamellar a and 3 phases with the presence of
small pores. The XRD patterns of the Ti-12Nb alloys were composed of a (ICDD 00-044-1294) and 3
(ICDD 00-044-1288) phases which are in accordance with the observed microstructure. The phase
percentages of the cast and the sintered alloys were 81% o, 19% [ and 84% o, 16% [3, respectively.
These changes in the microstructure affected the mechanical properties (Table 5.1). The sintered
Ti-12Nb alloy was harder than the cast one, whereas the commercial Ti-6Al-4V was significantly harder
than the both Ti-Nb alloys (p < 0.0%). Young's modulus of the sintered alloy was slightly higher than that
of the cast one that may be linked to the relatively lower concentration of 3 phase and smaller grains
obtained on the sintered alloy. Even though, the values were noticeably lower than that of the commercial
Ti-6Al-4V alloy, that is reported in the literature as 112 GPa [1]. The R. value of the Ti-6Al-4V was
considerably lower than the both Ti-12Nb alloys, while the average value of sintered alloy was slightly

higher than the cast alloy.
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Fig. 5.2. Microstructural images of a) Ti-6Al-4V, b) Cast Ti-12Nb, and c) sintered Ti-12Nb alloys, and
d) XRD patterns of the cast and sintered Ti-12-Nb alloys.
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Table 5.1. Hardness, Young's modulus and R. values.

Samples Hardness  Young's Modulus Average surface
(HVss) (GPa) roughness-R, (um)
Ti-6Al-4V 350 + 3 112 [1] 0.19 + 0.02
Cast Ti-12Nb 252 + 4 92.6+0.4 0.25 +0.02
Sintered Ti-12Nb 267 +5 946 +0.2 0.27 +0.01

5.3.2. Corrosion results

Representative results of the electrochemical tests are given in Fig. 5.3. Regarding the
potentiodynamic polarization curves (Fig. 5.3a), all samples presented passivation plateau started at
-41 + 6 MVse, 200 + 103 mVs:, and 374 + 29 mVs: for the cast Ti-12Nb, Ti-6Al-4V, and sintered
Ti-12Nb, respectively. The sintered Ti-12Nb presented statistically significant higher corrosion potential
(E0) than the other alloys. While the cast Ti-12Nb sample presented higher passivation current density

(4=ss) than the other alloys, the statistically significant difference was only observed with the Ti-6Al-4V alloy

(0 <0.05).

In order to obtain further information on the protective character of passive films formed on the
samples, EIS was carried out. Representative Bode diagrams are shown in Fig. 5.3b. The fitted EIS
parameters for tested alloys were computed by Gamry Echem Analyst software (version 7.05) and
summarized in Table 5.2. The quality of the suggested electrical equivalent circuit (EEC, Fig. 5.3c) was
evaluated through the goodness of fitting where the EEC presented values below 107+ The EEC included
R., R, and Q« corresponding to the resistance of the electrolyte, the resistance of the oxide layer, and a
constant phase angle element (CPE) of the oxide layer, respectively. The CPE indicating a non-ideal
behavior of capacitive elements due to surface heterogeneity results from impurities, roughness, and
dislocations. The impedance of CPE is expressed as Zcpg = [Yo(jw)™]™1, where Y, is the CPE
constant, w is the angular frequency in rad/s, j2 = —1 is the imaginary number, and n is the
exponential factor, —1 < n < 1. When the n value is 1, 0, and -1, the CPE response is an ideal
capacitor, a resistor, and an inductor, respectively. The n value is associated with the roughness of the
surface and its heterogeneities [25]. The capacitance (C.) values of a single oxide layer parallel to its
resistance result from its dielectric properties converted from Q.. values through Eq. (3) derived from

Brug's equation [25];

Cox = [Qongl_n)]% (1)
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Fig. 5.3. a) Potentiodynamic polarization curves including £-» and /.- values (statistically homogenous
groups are indicated by the same letters), b) Bode diagrams, and (c) representative EEC for fitted EIS

data.

Table 5.2. Electrochemical parameters obtained from the proposed EEC (statistically homogenous

groups are indicated by the same letters).

Samples R (MQ.cn¥) Co(UF.cm?) n

Ti-6Al-4V 1.30 + 0.42: 152+ 1.7 0.92 + 0.01¢
Cast Ti-12Nb 0.65 + 0.05° 254 + 4.1 0.92 + 0.01¢
Sintered Ti-12Nb 0.69 + 0.27- 17.0+ 2.1 0.94 +0.01

All alloys presented a one-time constant indicating a passive film in contact with the electrolyte.
In the low-frequency range, very similar |Z| (impedance modulus) values were observed for the sintered
Ti-k12Nb and the Ti-6Al-4V alloys, and it was higher than the values of the cast Ti-12Nb alloy. The
increased phase angle values at the middle-frequency range for alloys were close to —90° showing the
capacitive behavior of a compact passive oxide layer. The phase angle values of the sintered Ti-12Nb
sample were higher in the medium frequency range whereas the phase angle values of both Ti-12Nb
alloys were slightly lower than the Ti-6Al-4V alloy in the low-frequency range. As can be seen in Table
5.1, the average R« value of the Ti-6Al-4V was higher than thevalues of the cast Ti-12Nb and the sintered
Ti-12Nb alloys, however, the difference was not statistically significant. The C. of Ti-6Al-4V and sintered
Ti-12Nb were similar and significantly lower than the values of cast Ti-12Nb (p < 0.05). Moreover, the
cast Ti-12Nb and Ti-6Al-4V alloys presented the same r7values whereas the value was statistically higher

on the sintered Ti-12Nb alloy.
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5.3.3. Tribocorrosion results

5.3.3.1. Continuous and intermittent tribocorrosion under OCP

The evolution of OCP and coefficient of friction (COF) both for continuous and intermittent sliding
are given in Fig. 5.4, together with the evolution of A (obtained from LPR), and 4: (calculated repassivation
rate) for intermittent sliding. Before sliding, all alloys showed stable potential values because of the
presence of a passive oxide film on alloy surfaces. When sliding started, an instant drop in OCP values
was observed for all alloys indicating the partial or total destruction of the oxide film at the contact region.
During sliding, all tested alloys presented relatively large OCP oscillations resulting from
passivation/repassivation actions during both continuous and intermittent sliding. After sliding, all alloys
recovered their potentials close to the ones recorded before sliding, due to the repassivation of the worn
areas. Regarding the COF evolution, all alloys presented a similar trend under continuous and intermittent
sliding where the Ti-6Al-4V alloy showed statistically significant lower COF values while the other alloys
presented very similar values. Also, non-destructive linear polarization tests were performed at 7 mins
after stopping each sliding cycle to study the influence of intermittency on the polarization resistance.
The sintered Ti-12Nb presented higher average £, values than the other alloys, however, statistically, the
difference was not significant between the tested groups. The repassivation rate after sliding was

calculated according to Hanawa ef a/. [26] by using the following equation:

where AF is the potential variation, ¢ (s/ is the time after stopping sliding, 4: is the slope and 4: is a
constant defined by the solution where the sliding took place. A:values demonstrating the repassivation
rate are showed in Fig. 5.4. No statistically significant difference was found on the 4 values between the
sliding cycles. Regarding the comparison of the alloys, although the average values of the cast Ti-12Nb
alloy were higher than the sintered Ti-12Nb and the Ti-6Al-4V alloys, the difference between the groups

was not statistically significant.
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Fig. 5.4. a) Evolution of COF and potential during continuous sliding, b) evolution of COF, potential, R,,

and repassivation rate (ki) during intermittent sliding.

5.3.3.2. Continuous tribocorrosion under anodic applied potential

The current and COF evolution at +0.5 Vs anodic applied potential (AP), against an alumina ball,
in saline solution are presented in Fig. 5.5. The current was stable and close to zero before sliding, in
agreement with passive current (/) values from the potentiodynamic polarization curves (Fig. 5.3a).
When sliding started, sudden current increases were caused by the mechanical destruction of the passive
film (depassivation). This abrupt increase was observed for the Ti-6Al-4V as soon as the sliding started,
while an approx. 100 s delay was observed for the both Ti-12Nb alloys. During sliding, local current
increments corresponded to decrements on COF values; were observed for all alloys, and it was more
evident for the cast Ti-12Nb. Moreover, COF values at the AP condition were significantly higher than the

ones recorded under the OCP condition (p < 0.0%). The charge values obtained during sliding were

calculated by Q = fot Idt the equation as 0.022 + 0.007, 0.026 + 0.010, and 0.021 + 0.004 C for the

Ti-6Al-4V, cast Ti-12Nb, and sintered Ti-12Nb, respectively, where no statistically significant difference

was found between the alloys.

137



0s
sintered Ti-12Nb
05+ e '.v"""""\ : - f‘m“\ s
3 bl UL 2
04 bl '

05 08
Ti-6Al-4V cast Ti-12Nb

AI “\lw I i ;
ity W

06 ] 0y
L
o anh ol

024 | 02 )i

04 ’w W’{“hu 4.‘

COF
COF
COF

o o
Siing s STing = STing

““-U‘U»M.\.thwWW : UA' \M k LM JMM w J\M

250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 250 500 EI ZZEU 2500 2750 250 500 750 1000 125ﬂ 511
Time (s) Time {s) Time {s! )

1{uA)
)
1{uA)

Fig. 5.5. The current evolution together with COF evolution for Ti-6Al-4V, cast and sintered Ti-12Nb

alloys under applied anodic potential.

5.3.3.3. Wear morphology

The wear morphologies after continuous and intermittent sliding at OCP, as well, after continuous
sliding at AP were analyzed by using secondary electron (SE) and backscattered electron (BSE) mode
SEM to understand the wear mechanism (Fig. 5.6). Parallel sliding grooves, adhered oxidized particles,
and plastic deformations were observed on all worn surfaces as usual wear surface features for Ti and
its alloys. Regarding the testing conditions, while there were no clear differences in wear features between
continuous and intermittent sliding at OCP, discontinuous tribolayer was observed on both Ti-12Nb alloys
under AP condition as evidenced by the darker regions on the BSE images. Accordingly, existence of
more tribolayer was observed on the BSE images of the cast Ti-12Nb alloy surfaces as compared to the

sintered alloy for all testing conditions.
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Fig. 5.6. SEM images of the worn alloy surfaces.

Fig. 5.7 shows the SE/SEM images and EDS spectra of wear scar on alumina ball surfaces taken
from the wear scars after the tribocorrosion tests. Transferred material from samples to the alumina ball
was confirmed by EDS spectra for all alloys in all tested conditions. Nevertheless, the transferred material
at AP condition seemed to be drastically decreased while the intensity of the oxygen peaks was increased

for all alloys.
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Fig. 5.7. SEM image of the wear scars on alumina balls and corresponding EDS spectra.

5.3.3.4. Wear loss

Fig. 5.8 presents the wear volume loss after each testing condition. Wear volume loss on the
Ti-6Al-4V alloy was lower than the ones obtained for the both Ti-12Nb alloys, except for the AP condition
(p < 0.09). Intermittency did not significantly affect the wear volume loss values of all alloys (p < 0.05).
While wear volume loss of the Ti-6Al-4V was not significantly affected by the testing conditions, values of

the both Ti-12Nb alloys tested at AP were significantly lower as compared to the other testing conditions

(p <0.09).
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5.4. Discussion

The processing method influenced the corrosion behavior of Ti alloys in 9 g/I NaCl solution; this
was attributed to the differences in the microstructures. Significantly nobler £, values (Fig. 5.3a)
obtained for the sintered alloy indicated a lower tendency to corrosion (p < 0.05). Furthermore,
significantly lower C. values and 7. closer to 1 (Table 5.2) observed for the sintered alloy suggested a
higher quality of the native oxide film (p < 0.05). The effect of the processing route on the corrosion
behavior of various Ti alloys has been investigated in the literature. Within those, Toptan ef al. [27]
compared the corrosion and tribocorrosion behavior of Ti-6Al-4V alloys processed by selective laser
melting (SLM), hot pressing, and casting and forging, in saline (9 g/I NaCl) solution. The authors reported
that samples processed by SLM presented lower quality of passive film due to the lower amount of the
B phase and the presence of martensite (') phase. Dalmau ef a/. [9] studied the corrosion behavior of
Ti-6Al-4V alloys in PBS electrolyte and reported higher corrosion resistance for the sintered alloy as
compared to the rolled alloy due to its microstructure presenting smaller grain size, including pores, and
having higher surface roughness. The relationship of microstructure and corrosion behavior on
Ti-30Nb-Zr alloy was investigated by Martins ef a/. [28]. The authors pointed that the alloy having a more

uniform phase distribution presented better corrosion resistance due to the formation of a more
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homogeneous oxide film. Regarding phase volume fractions, Yang et a/. [29] reported that the o phase
had higher resistance to corrosion than the [3 phase. Therefore, the relatively better corrosion behavior
of the sintered Ti-12Nb compared to the cast alloy may be linked with its higher volume fraction of o
phase and more uniform phase distribution along smaller grains that possibly led to a more

homogeneous oxide film.

Tribocorrosion tests were performed both at OCP (continuous and intermittent) and at
potentiostatic conditions by applying a potential corresponding to the passive region of the tested alloys.
As reviewed by Cao and Mischler [30], tribocorrosion tests at OCP are closer to the simulation of a real
implant system. But these tests do not provide information on the electrochemical kinetics. On the other
hand, as pointed by Lopez-Ortega et a/. [31], tests performed at the anodic applied potential result in
degradation by the combined effect of wear and corrosion, which provide information on electrochemical

kinetics offering a better understanding to the prevailing wear mechanisms.

Several studies showed that Ti-6Al-4V presents better wear resistance than the o+ Ti-15Nb
[15], near B Ti-13Nb-13Zr [16], B Ti-12Mo-6Zr-2Fe [17], and (3 Ti-29Nb-13Ta-4.6Zr [18] mainly due to
its higher hardness resulting from its microstructure. Under OCP conditions, the Ti-6Al-4V alloy presented
lower wear volume loss that may be linked to its higher hardness values compared to the Ti-12Nb alloys.
However, among the Ti-12Nb alloys, although cast alloy has relatively lower hardness value, it exhibited
lower wear volume loss that may be linked with the characteristics of the tribolayer generated during
sliding. SEM observations of the worn surfaces suggested that the discontinuous tribolayer covered a
larger area on wear tracks of the cast alloy, which may be connected with the lower quality of its oxide
layer (evidenced by significantly higher C.value from the EIS test) that requires further investigation. The
total wear volume loss of both Ti-12Nb alloys in AP condition was significantly lower than that of the wear
volume loss obtained at OCP condition (p < 0.0%). It is known that applied potential can affect the material
loss under tribocorrosion [20]. On one hand, a lower amount of wear-enhanced corrosion is expected at
passive domain (such as AP condition in the present study), compared to OCP domains, as a
consequence of the continuous repassivation of damaged oxide film imposed by the potentiostat. On the
other hand, a larger amount of corrosion-enhanced wear (in particular, mechanical wear of repassivated
material) is expected at passive domain than in OCP conditions, due to the third body wear arising from
the removed oxide particles whose formation was increased under applied potential [32-36]. In the case
of Ti-12Nb alloys, the worn area covered by the discontinuous tribolayer was substantially increased

under AP and it apparently played a protective role against tribocorrosion (Fig. 5.6). Some of the present
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authors had recently reported a similar behavior also for 3 type Ti-40Nb alloy tested under continuous
sliding at +0.5 V«: (passive region) in 9 g/I NaCl electrolyte, due to the formation of a tribolayer [37]. The
elevated formation of the discontinuous tribolayer on the worn Ti-12Nb alloy surfaces at AP condition
may be influenced by the fast repassivation of Nb [1]. However, after reaching a certain thickness, this
discontinuous layer may be removed by the counter-material resulting in a rapid increase in the current

density values (Fig. 5.5).

Intermittent sliding tests enabled studying the mechanism of the regular removal and regrowth
of surface oxide films through the sliding cycle followed by a pause time. There was no visible influence
of intermittency on the wear track features, as well as on the evolution of COF, OCP, £, and 4: values.
The higher average 4: values of the cast alloy may be linked with its passivation plateau that started to
be formed at relatively lower potentials (Fig. 5.3a), though it needs further studies to reveal clearly the
correlations. Finally, intermittency did not play a statistically significant difference on the wear volume

loss for any alloy.

Although the degradation behavior of alloys was systematically studied, some limitations have
been encountered. In order to have a better understanding to the corrosion mechanism, long-term
corrosion behavior should be studied in more complex solutions and the released ions into the testing
solution should to be quantified. Furthermore, future works should also take into consideration the effect

of bone-forming cells on the corrosion and tribocorrosion mechanisms.

5.5. Conclusions

The corrosion and tribocorrosion behavior of the Ti-12Nb alloy processed by different processing
techniques (casting and P/M) was investigated in 9 g/l NaCl at 37 + 2 °C, in comparison with the
commercial Ti-6Al-4V alloy. Results revealed better overall degradation resistance for the commercial
Ti-6Al-4V alloy as compared to the both Ti-12Nb alloys. The corrosion behavior of the sintered Ti-12Nb
alloy was better than the cast alloy; this could be attributed to its more uniform microstructure. Both
Ti-12Nb alloys showed significantly lower wear volume loss at AP condition than in OCP conditions; this
was attributed to the formation of discontinuous tribolayer, which was prevalently observed on the worn
surfaces after AP tests. The intermittency did not affect significantly the wear volume loss in tested

conditions.
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Abstract

Although TiO. nanotubes have unique properties making them attractive for variety of
applications, their poor adhesion to the substrate is a major limitation. In order to overcome this
limitation, a facile route, combination of a two-step anodic treatment and heat treatment was applied in
order to develop a well-adhered TiO-based nanotubular surface on Ti-40Nb alloy. The adhesion of the
nanotubular layer was evaluated by Daimler-Benz Rockwell C test. Corrosion and tribocorrosion behavior
was investigated in phosphate-buffered saline solution (PBS) at body temperature. Corrosion behavior
was examined by potentiodynamic polarization and electrochemical impedance spectroscopy whereas
tribocorrosion behavior was evaluated by reciprocating sliding against an alumina ball at open circuit
potential. Results showed that the adhesion, corrosion, and tribocorrosion behavior of the nanotubular

layer was drastically improved with the combination of a two-step anodic treatment and heat treatment.

Keywords: Adhesion; TiO. nanotubes; Beta Titanium alloys; corrosion; tribocorrosion
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6.1. Introduction

Titanium (Ti) and its alloys have attracted attention for biomedical applications because of their
combination of unique properties as compared to 316L stainless steel and Co-Cr alloys [1]. However, it
is well documented that Ti and its alloys possess poor wear resistance that limits their usage in
biomedical applications due to releasing of wear debris and metallic ions that may result in adverse local
tissue reactions [2,3]. In addition, some clinical concerns exist about widely used Ti-6Al-4V alloy not only
due to the toxicity of vanadium but also due to the presence of aluminum that is suspected to be
associated with Alzheimer's disease [4,5]. Moreover, the Young's modulus of Ti and Ti-6Al-4V is
significantly higher than that of the bone, leading to bone resorption and eventually revision surgeries
[6,7]. Therefore, new B-type Ti alloys have been developed, containing non-toxic elements (Nb, Ta, Mo,
Zr, etc.) and presenting significantly lower Young's modulus [8]. Among these new alloys, Ti-Nb based
alloys gained a considerable attention for load-bearing implants not only due to their low Young’'s modulus

but also due to their good corrosion behavior and biocompatibility [8].

Ti-based alloys are bioinert materials, however, their bioactivity can be improved with suitable
surface modifications. TiO-based nanotubular (TNT) surfaces formed by anodic treatment presents
self-organized, well-aligned, and controllable morphologies and they have been widely investigated for
various applications to be used in several fields, such as solar cells [9,10], photocatalysis [11], water
splitting [12,13], supercapacitors [14], and biomaterials [15]. Regarding biomaterials, TNT surfaces
grown on Ti and its alloys exhibited better apatite formation, osteoblast adhesion, proliferation, and
differentiation compared to their untreated substrates [16-18].
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Corrosion is one of the main factors for a metallic material to be used in the human body since
body fluids are corrosive environments. Ti and its alloys present excellent corrosion resistance because
they spontaneously form a passive oxide layer on their surface, however, it may not be protective enough
in an aggressive environment [19]. Yu et a/. [20] studied the corrosion behavior of TNT surface on Ti in
Hank’s solution and reported that TNT surfaces exhibited higher corrosion resistance than the untreated
Ti due to a thicker barrier layer supplied by the TNT layer. Similar behavior was reported for TNT formed
on B-type Ti-35Nb-4Zr alloy tested in 9 g/1 NaCl solution [21]. Nevertheless, the integrity of the TNT layer
strongly influences the corrosion behavior. For instance, comparing to its bare alloy, Saji et al [22]
reported lower corrosion resistance for the TNT layer developed on the B-type Ti-35Nb-5Ta-7Zr alloy due
to the presence of open spaces between the bottom of the tubes and the substrate. On the other hand,
studies showed that the corrosion resistance of the TNT was significantly improved with heat treatment

owing to the transformation of amorphous nanotubular structure to crystalline structure [20,23,24].

While some authors reported better biocompatibility for B-type Ti alloys over the Ti-6Al-4V alloy
[25-27], lower wear resistance was reported for several B-type Ti alloys tested in 9 g/I NaCl solution
[28], Ringer’s solution [29], simulated body solution [30], and under dry sliding condition [31], mainly
due to low strain hardening behavior of the 8 phase. To improve the wear resistance of Ti and its alloys,
TNT surfaces have been proposed and investigated in the literature. Rodrigues et a/. [32] showed that
the tribocorrosion behavior of TNT grown on Ti-6Al-4V alloy by anodic treatment in H.SO. based electrolyte
during 1 h presented promising results as significantly lower tendency to corrosion under sliding
compared to the untreated alloy. However, after tribocorrosion tests, Alves ef al. [33,34] reported an
easy detachment of the TNT layer, formed by anodic treatment in ethylene glocol based electrolyte, while
the tribocorrosion behavior of TNT layer grown on Ti was significantly improved by the formation of a
thick oxide layer at the interface formed during an additional cycle of reverse polarization anodic
treatment. Then, Luz et a/. [35] showed a lower wear rate for TNT formed on Ti-35Nb alloy by anodic
treatment in HsPO. based electrolyte during 160 min following by heat treatment, tested under dry sliding

with 1 N of normal load against alumina ball, but tribocorrosion behavior is yet to be known.

Among the developed B-type Ti alloys, one of the most studied and proposed alloy for load-
bearing implant aplications is Ti-40Nb alloy due to an appropriate combination of promising properties
[36-42]. Recently, some of the present authors reported that the cast Ti-40Nb alloy has significantly
lower tribocorrosion resistance compared to commercial Ti-6Al-4V in a physiological solution at body

temperature, pointing the necessity of an appropriate modification for long term implantation [28]. The
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tribocorrosion resistance may be improved by the formation of an oxide nanotubular structure [32,34],
however, it has been reported that the nanotubes grown on Ti have significantly poor adhesion to the
substrate [43-45]. In this study, in order to overcome the poor adhesion of the TNT layer to the bare
metal, an additional anodic treatment was performed in fluoride-free electrolyte after the formation of the
nanotubes in the conventional fluoride-containing electrolyte in order to form an additional oxide layer at
the interface between the bare metal and the nanotubes. Additionally, a heat treatment was performed
to investigate the effect of the crystallization of the nanotubular layer. The adhesion of TNT layers was
studied by Daimler-Benz Rockwell C adhesion test whereas the corrosion and tribocorrosion behavior

were investigated in PBS solution at body temperature.

6.2. Materials and methods

6.2.1. Sample preparation

Ti-40Nb (% wt.) alloy was processed by powder metallurgy (P/M) from TiH. (D« 27 um, GfE) and
Nb (Ds 15 um, Alfa Aesar) powders. Cylinder samples of 14 mm diameter and 3 mm thickness were
obtained by sintering at 1250 °C for 4 h. Other details of the processing procedure are given elsewhere
[46]. The samples were ground with SiC papers up to 2400 mesh and polished with colloidal silica
suspension (Buehler, 0.02 um) until obtaining mirror-finished surface. Microstructural analysis was
carried out after etching with Kroll's reagent (%3 vol. HF + %6 vol. HNO: + %91vol. H.Q). Then, the
samples were ultrasonically cleaned in propanol and distilled water for 10 min and 5 min, respectively,
and dried with hot air. Both anodic treatments were carried out using a DC power supply (Agilent
Technologies N5772A) and multimeter (Agilent Technologies 34410A) connected to a two-electrode
electrochemical cell set-up. A platinum sheet was used as a cathode having an exposed area of 5.3 cm?
whereas 1.1 cm? of Ti-40Nb surfaces were exposed to the electrolyte, working as anode. The distance
between the working and the counter electrode was 8 cm. The nanotubular layer was obtained using an
aqueous solution of 1.0 M H:PO. (orthophosphoric acid, Fluka, = %85) and 0.8 wt% NaF (Panreac, %99)
as 180 ml volume of electrolyte, at a constant voltage of 20 V for 1 h under continuous magnetic stirring
(500 rpm). In order to fabricate an additional oxide layer between the nanotubular layer and the substrate,
the as-obtained nanotubular surfaces were immersed in a fluoride-free electrolyte of 1.0 M HsPO. and
then a second anodic treatment was carried out under constant 20 V for 5 min. After the second anodic
treatment, the samples were rinsed with propanol and distilled water. The heat treatment was performed
at 500 -C for 3 h with a heating and cooling rate of 5 ‘C min*. Groupings of surfaces are given in

Table 6.1.
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Table 6.1. Groupings of surfaces.

Sample Description

S Polished surface

A One-step anodic treatment

AH One-step Anodic treatment + Heat treatment
2A Two-step anodic treatment

2AH Two-step anodic treatment + Heat treatment

6.2.2. Corrosion and tribocorrosion experiments

Corrosion and tribocorrosion behavior were investigated in PBS solution (0.2 g/l KCl,
0.24 g/1 KH.PO., 8 g/l NaCl, 1.44 g/| Na.HPO.) at body temperature (37 £ 2 <C). Corrosion tests were
performed on 0.38 cm2 of exposed area in 180 ml by means of open circuit potential (OCP) monitoring,
electrochemical impedance spectroscopy (EIS), and potentiodynamic polarization. Conventional three-
electrode set up was utilized where a Pt electrode was used as counter electrode (CE), saturated calomel
electrode (SCE) was used as reference electrode (RE), and samples were used as working electrode
(WE), connected to a Potentiostat/Galvanostat/ZRA (Gamry Reference-600:). After stabilization of
samples at OCP (AE<60 mV/h), EIS measurements were performed at OCP and the spectra were
acquired over a frequency range of 10 mHz to 100 kHz with a 10 mV of AC signal and 7 points per
decade. Gamry Echem Analyst (version 7.05) was used for fitting the EIS experimental data. The
potentiodynamic polarization scan was performed starting at —0.25 Ve up to 1.5 Vsee in anodic direction

with a scan rate of 0.5 mV/s.

Tribocorrosion tests were performed at OCP with a tribometer (CETR-UMT-2) of pin-on-plate
reciprocating sliding configuration. A two-electrode set-up was used where the samples were placed as
WE against an alumina ball (10 mm in diameter, Ceratec) using a Potentiostat/Galvanostat/ZRA (Gamry
Reference-600). The tests were carried out under a frequency of 1 Hz, a normal load of 0.5 N, and an
amplitude of 2 mm. 30 min of sliding started after the stabilization of OCP at least for 2 h and AE was
below 60 mV/h. After sliding, the counter material was removed and OCP continued to be recorded for

30 min.

All corrosion and tribocorrosion tests were at least triplicated on three different samples and all

results were presented as the arithmetic mean + standard deviation.
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6.2.3. Characterization

Surfaces, cross-sections, and wear tracks were analyzed by field emission gun scanning electron
microscope (FEG-SEM, FEI Nova 200). The structural characterization was employed by X-ray diffraction
(XRD, Bruker D8 Discover diffractometer) by grazing incidence mode, scanning from an angle (28) 20°
to 80° at 3° with a 0.03°/s step size. The phase percentages were calculated by following Eq. (1),

where [ is the intensity.

% phase, = 2 lapeaks Eq. (1)
Zlallpeaks

The TNT grown samples were broken by three-point bending set up (Instron 8874) in order to
analyze the cross-section of TNT layers. The distance between the two parallel supports was 10 mm.
After, the indenter was driven down to the specimens at a speed of 8.33 x 10-¢ m/s until the fracture of
the sample. Vickers microhardness was determined using Emcotest Durascan tester by 10 indentations
performed randomly per 3 different samples with a load of 0.98 N (0.1 kgf). The average surface
roughness (R.) was evaluated by 3D profilometry (Profilm3D). Adhesion of the nanotubular layer was
evaluated by Daimler-Benz Rockwell C test, using a load of 150 kg with 200 um tip radius conical
Rockwell C indenter for at least three indentions per sample on Officine Galileo Mod. D200 tester. The
damage around indentation scars were analyzed by FEG-SEM (FEI Quanta 650) and the quality of the
adhesion layer was evaluated by comparing with quality maps from VDI 3198 standard [47]. Surface
wettability was accessed by contact angle measurements through a sessile drop method using an optical
tensiometer (Theta Lite) controlled by OneAttension software. A 5 pl droplet of ultra-pure water was
dropped on the surface of the samples and the contact angle was considered after 10 s at room
temperature. Three different samples per group were analyzed and the drop image was recorded by

using a video camera.

6.3. Results

6.3.1. Characterization of the nanotubular films

SEM image of the Ti-40Nb alloy etched surface, representative anodic current evolution of first-
step and second-step anodic treatments, and the resulting nanotubular surfaces are shown in Fig. 6.1,
together with the insets showing the images of the contact angles of the corresponding samples. Ti-40Nb
alloy presented an equiaxial B grain microstructure (Fig. 6.1a). The representative anodic current
evolution of first-step anodic treatment is considered to show the formation process of TNT, where three

different stages were observed from the curve. First stage is the growth of a barrier oxide layer resulted
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in an exponential decline of the current, second one is the starting of the nucleation of nanotubes causing
an increase on current after reaching a minimum, and the final one is the formation of TNT where current
remains stable with time. The current evolution of the second-step anodic treatment suggests the
formation of a compact oxide layer, considering its values approaching to zero [48]. The difference
between the current evolutions of one-and two-step anodic treatment may be due to the compacted oxide
layer between the nanotubular layer and the substrate for 2A and 2AH groups. Uniformly distributed and
vertically well-aligned nanotubes were obtained on all sample surfaces. No visible influence of the second-
step anodic treatment and heat treatment was observed on the surface morphology where nanotubes
exhibited an average outer diameter of ~ 95 nm. The nanotubular surface modification drastically
changed wettability behavior of the alloy, where no visible difference observed among the TNT formed
groups. XRD pattern of all samples are shown in Fig. 6.1g. Group S was mainly composed of 3-Ti phase
(ICDD 00-044-1288) with some minor a-Ti phase (ICDD 00-044-1294). The A and 2A groups presented
the same peaks of group S indicating that the TNT were formed as amorphous structures, whereas both
heat-treated groups (AH and 2AH) showed anatase (ICCD 00-021-1272) and rutile (ICCD 01-070-7347)
phases. The nanotubular layer on group AH was composed of 71% anatase and 29% rutile phases, while

group 2AH presented 59% anatase and 41% rutile phases.
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Fig. 6.1. Characterization of the nanotubular films: a) back-scattered electron (BSE) SEM image of S;
b) current evolution of one and two-step anodic treatment; secondary electron (SE) SEM images of c) A,
d) AH, e) 2A, and f) 2AH (the inset images present the wettability of the corresponding group of
samples); g) XRD pattern of the substrate and the treated groups.
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Fig. 6.2 presents SEM images of the TNT formed samples, broken to observe the
cross-sections. All functionalized samples presented bamboo-like structure nanotube arrays having
similar length of = 1.6 um. The hollow spaces observed between the TNT layers and the substrates
for group A, 2A, and AH suggested poor adhesion of the nanotubes. The hemispherical bottom of
nanotubes was clearly observed for these samples; however, they were embedded in the additional
oxide layer in the case of 2AH groups. Interastingly, the TNT layer appears to be non-embedded in
additional oxide layer for group 2A (Fig. 6.2c). For a further insight to the additional oxide layer and
the TNT layer, further SEM images were given in Figs. 6.2d and e. As observed, the additional oxide
layer on group 2A presented poor integration to the nanotubular layer with many large cracks resulted

from mechanical bending process.
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Fig. 6.2. Cross-section SE/SEM images of nanotubes grown on Ti-40Nb alloy for a) A; b) AH; ¢, d, and
e) 2A; and f) 2AH groups.

Table 6.2. displays the hardness and R. values of samples. The hardness value of the untreated
group was notably lower than the anodic treated groups. The second anodic treatment and heat treatment
also led to an increase of hardness, where the highest value was observed for group 2AH. Concerning

the R. values, all treated groups exhibited similar values that were obviously higher than the untreated

group.
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Table 6.2. The hardness and R. values of the substrate and the treated groups.

Samples  Hardness Average surface

HVo. roughness-R. (nm)
243+ 6 20+ 3
A 298 + 7 130 + 17
AH 330+ 15 129 + 11
2A 340+ 19 135+ 15
2AH 349 + 17 130+ 15

6.3.2. Adhesion behavior of nanotubular films

The Daimler-Benz Rockwell C adhesion test is a fast and easy method that has been studied to
evaluate the adhesion of hard coatings [49,50] that can also be used for TNT layers [51]. The
Daimler-Benz Rockwell-C adhesion test results are shown in Fig. 6.3. According to VDI 3198 standard
[47], HF1 to HF4 represent acceptable adhesion where the minor cracks and delamination are observed,
unlike, HF5 and HF6 correspond to poor adhesion with a large area of delamination around the
indentation. A large amount of delamination area was observed around the Rockwell-C indentation scar
for the single-step anodic treated groups indicating poor adhesion of the nanotubular layer corresponding
to HF6 (Fig. 6.3a). On the contrary, there was no delamination of the nanotubular layer around the
indentation scar of groups AH, 2A, and 2AH, although the radial cracks were observed on their
indentation scars. It can be stated that groups AH, 2A and 2AH indicated acceptable adhesion of

nanotubular layer with quality of HF1.
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Fig. 6.3. SE/SEM images of Daimler-Benz Rockwell C adhesion test for a) A, b) AH, c) 2A, and
d) 2AH groups.
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6.3.3. Corrosion behavior

The corrosion kinetics was studied by potentiodynamic polarization in PBS solution at body
temperature and the results are given in Fig. 6.4a, together with the obtained corrosion potential (£:-0)
and passivation current density (/=) (taken at 0.5 V vs. SCE for all groups). Groups S and A presented
considerably lower corrosion potential as compared to groups AH and 2A, which presented significantly
lower than group 2AH. The untreated group and both single-step anodic treated groups showed
well-defined passivation plateau, while the current density of the two-step anodic treated groups tended
to increase (more evidenced for group 2A) on the anodic domain. As can be seen in table on Fig. 6.4a,
both groups A and AH showed higher /.. values than the untreated group, groups 2A and 2AH presented
lower values. Also, it is important to pointed out, group 2AH is showed two orders of magnitude lower /s

values from group A.

The EIS results in the form of Bode diagrams and the electrical equivalent circuits (EECs) used
for fitting experimental data are given in Fig. 6.4. The EEC parameters are given in Table 6.3. All samples
presented the goodness of fitting below 10™* pointed out an adequate quality of fitting of the proposed
EECs. The Bode diagrams showed one-time, two-time and three-time constants for group S; group A; and
groups AH, 2A, and 2AH, respectively, that were fitted with EECs composed with resistances and constant
phase elements (CPE). The R. represents the resistance of electrolyte for all EECs. Regarding the
untreated alloy (S group), R:/Q: pair corresponds to the resistance and CPE of the natural passive film.
On the other hand, R:/Q: pair corresponds to the resistance and CPE of the outer porous layer for
nanotubes formed samples. The R:/Q: pair indicates the resistance and CPE of the inner-tube layer.
Although the Rs/Q: pair presents the same physical meaning for groups AH, 2A, and 2AH, it corresponds
to different nature of the additional oxide layer formed through heat treatment, second-step anodic
treatment, and combination of second-step anodic treatment and heat treatment, respectively. The Q
shows the CPE that represents a non-ideal capacitor, and the impedance is defined as
Zcpe = [Yo(jw)™] 71, where Y, is a frequency-independent parameter, j is an imaginary number, n
the CPE exponent (—1 <n < 1; n = —1,0,and 1 presenting an inductor, a resistor, and an ideal

capacitor, respectively), and w = 2rtf is the angular frequency.
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Fig. 6.4. Corrosion behavior of the TNT surfaces: a) Potentiodynamic polarization curves including £«
and /= values; Bode diagrams of b) S, A, and AH (substrate with single-step anodic treated groups),
c) S, 2A, and 2AH (substrate with two-step anodic treated samples); EECs proposed for d) group S,

e) group A, and f) groups AH, 2A, and 2AH.

Table 6.3. EIS parameters obtained by fitting with corresponding EECs.

Groups R: Q: R: Q: R: Q:
(k2 cm?) (x10® (k2 cm?) (x10+ (k2 cm?) (x10°
S s'cm?) S s'cm?) S s'cm?)
S 351+ 39 6+1 - - - -
A 3+2 11+£7 34+9 18+5 - -
AH 4+3 26 +6 111+ 26 51+6 3+1 63+ 14
2A 4+1 10£2 33+4 16 +3 378 + 87 16 +3
2AH 5+2 1+1 100 + 30 2+1 1932 + 47 1+1

6.3.4. Tribocorrosion behavior
Representative curves of the evolution of the OCP before, during and after sliding in PBS at body
temperature, together with recorded coefficient of friction (COF) values are shown in Fig. 6.5a. Before

sliding, all samples presented stable OCP values due to the presence of a passive oxide layer in contact
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with the electrolyte. As soon as sliding started, an abrupt drop was observed for group S from around
-0.4 to approximately —0.9 V. Oscillations were observed during the sliding due to depassivation and
repassivation mechanisms resulted from the periodic removal and growth of the passive film [52]. At the
end of the sliding, the OCP immediately increased up to values close to the ones recorded before sliding,
and remained stable due to repassivation of the worn area. As soon as the sliding started on groups A
and 2A, smaller OCP drops were recorded and then a gradual decrease observed. After certain times,
sharp OCP drops were observed on groups A and 2A then they gained their OCP. It is important to point
out that this behavior happened at different times during sliding, and the most representative curves are
shown in Fig. 6.5a. After sliding, both groups (A and 2A) presented progressively increase on OCP values,
and the values did not reach to the initial level within the observation period. On the other hand, a distinct
behavior was recorded on both heat-treated groups (AH and 2AH), where almost no influence of sliding

was observed on the OCP values.

Regarding COF, the untreated group presented the highest values (0.7 + 0.1) followed by A and
2A groups (0.6 + 0.1), and AH and 2AH groups (0.5 + 0.1). Besides, the COF evaluation of both heat

treated groups tended to decrease during sliding.

The representative SEM images of wear tracks are also given in Fig. 6.5. Group S presented
parallel ploughing grooves, adhered/oxidized patches, and plastic deformations. As compared to the
other samples, relatively irregular wear track shapes were observed for both groups A and 2A, resulted
from the detachment of the nanotubular layer. Comparing the center of the wear tracks, both groups A
and 2A presented similar wear features to the substrate, being more evident on group A. Both heat
treated groups (AH and 2AH) presented dissimilar behavior, where no evidence of detachment at the
border of wear tracks nor sliding grooves were observed. Among the both heat treated group, group 2AH

presented smaller wear track width and relatively darker wear track compared to group AH.

Higher magnification SEM images taken from the zones indicated with the red rectangles on the
wear tracks of the TNT surfaces (Fig. 6.5). Detachment of the nanotubular layers on groups A and 2A
can be seen more clearly on higher magnification images, whereas intact nanotubes covered by

compacted wear products can be seen on groups AH and 2AH (Figs. 6.5d-f).
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Fig. 6.5. Triboorrosion behavior of the TNT surfaces: a) Evolution of COF together with OCP before,

during, and after sliding in PBS solution; b) representative low magnification SE and BSE wear track

images of group S; lower and higher magnification SEM images of c) group A, d) group AH, e) group
2A, and f) group 2AH.

6.4. Discussion

6.4.1. Physical properties of TNT layers
The TiO. nanotubular formation mechanism is well reported in the literature [17-19]. Generally,
TiO: nanotubes formed by anodic treatment present an amorphous structure that can be transformed to
anatase starting at around 300 °C and to rutile starting at around 450 °C [20,21]. Sarraf et a/. [53]
reported that temperatures above 700 °C leads to a complete collapse of nanotubes. For this reason, in

the present work, heat treatment temperature was selected as 500 °C in order to avoid the collapsing
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of TNT layer and also to obtain a mixture of anatase and rutile phases. All anodic treated samples
presented drastically higher hardness values as compared to the substrate due to the formation of a
thicker oxide layer [22]. The high hardness value of group 2AH can be explained by its increased amount
of rutile phase, having typical hardness value of 17 GPa, which has significantly higher hardness and
Young's modulus properties than anatase phase, having typical hardness value of 8 GPa [54]. Regarding
both amorphous groups (A and 2A) the higher hardness values of group 2A was possibly due to an

additional oxide layer (Fig. 62e-f).

Contact angle assays revealed that the solution completely spread over the anodic treated
samples while no visible difference was observed between them. TNT surfaces presented drastically
lower values as compared to the substrate possibly due to increased surface roughness [55]. This
behavior indicates that the hydrophobic behavior of the substrate is turned to hydrophilic behavior after
the formation of nanotubes [24]. It has been well reported that the cell attachment, spreading, and
cytoskeletal organization is better on hydrophilic surfaces than on hydrophobic ones [25-27]. Therefore,
one can expect that the TNT layer on Ti-Nb alloy may lead to improved osteointegration, as higher cell

adhesion and cell viability, that had already been reported for TNT grown Ti-Zr-Nb alloy [18].

Adhesion test indicated that the TNT formed by conventional anodic treatment presented
significantly poor adhesion suggesting the need of additional treatments (Fig. 6.4a and Fig. 6.5a). While
the presence of the additional oxide layer improved the adhesion of the nanotubular layer, the main
improvement came from the heat treatment resulted in the transition of amorphous structure to
crystalline structure. Xiong ef a/. [13] reported that heat treatment improved the adhesion of the TiO.
nanotubular layer due to the formation of an oxide layer at the interface with the substrate, that might be
a reason for the improved adhesion of group AH. However, as reported by Albu ef a/. [28], when TNT
formed in a fluoride-containing electrolyte, an additional fluoride-rich interface layer formed between the
bottom of nanotubes and the substrate and it can easily dissolve due to its water solubility. The fluoride
species are not only present in the interface layer but also they are formed through all nanotubes, where
the fluoride concentration decreases from bottom to upper part of nanotubes [56]. According to Regonini
et al. [29], the significant reduction of fluoride concentration from 3.8 at% to 0.3 at% after heat treatment
at 400 °C indicates that the fluorine species are expelled from the anodic film. This chemical dissolution
may lead to the formation of voids and/or gaps at the interface, that may be the main reason for the
weak adhesion of nanotubes [28,30]. In order to reduce the effect of these defects on adhesion of

nanotubes, an additional oxide layer was formed at the interface by anodic treatment in the fluoride-free
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electrolyte and a significant improvement was achieved due to fluoride-rich layer surrounded by an
additional fluoride-free layer. Similar results were reported by Yu et a/. [31] for cp-Ti anodic treated in
ethylene glycol-based solution. However, as observed in Figs. 6.2d and 6.2e, the adhesion of the
additional oxide layer and nanotubes were weak, and it is supposed that the adhesion was improved in
the case of group 2AH due to the transformation of amorphous structure to crystalline structure with the

heat treatment.

6.4.2. Corrosion behavior

Ti and its alloys present excellent corrosion resistance due to spontaneously formed 2 - 6 nm
thick passive film [57], and their corrosion behavior is further improved with an anodic nanotubular layer
[15,23,58]. The specific surface area calculation model for TiO. nanotubes has been reported in the
literature [59-61]. Hilario ef a/. [62] calculated the specific surface area of TiO. nanotubes, formed at
20 V during 1 h, and it was reported that the treated surfaces presented 60 times larger surface area
than the geometric area. In this study, the /.. values were calculated by the geometric exposed area
(0.38 cm?). It was found that groups A and AH presented lower /. values than group S. However, it may
be speculated that if the real exposure area of the nanotubes formed samples could precisely determined,
all nanotubes formed samples might present lower /.. values than the substrate. Nevertheless, among
all tested groups, group 2AH had significantly lower /.values indicating a significantly lower corrosion
rate. The decrement of /.. values with heat treatment attributed to the stable behavior of anatase and
rutile phases as compared to the amorphous phase [24]. Also, the increasing /. on group 2A may be
attributed to lesser stability of passivation layer due to poor integration of the additional oxide layer

resulted in the oxygen evolution and change in the electrical characteristics [62].

As abovementioned, while oxide layers formed at the nanotubes/substrate interface on groups
AH, 2A, and 2AH played the similar physical barrier role against corrosion, they have different nature of
the oxide layers. The formed oxide layer on group AH was resulted from thermal oxidation of substrate
in oxygen containing atmospheres through heat treatment. The one formed on group 2A was due to
electrochemical oxidation of substrate in HsPO. solution by applying anodic potential. Finally, the one
formed on group 2AH was consequence of the combination of electrochemical oxidation and thermal
oxidation through a second-step anodic treatment and heat treatment, respectively. In order to further
investigate the effect of these oxide layers on corrosion behavior, EIS was performed in PBS solution at
body temperature, and the results were simulated by EECs. In the literature, similar EECs have been

proposed for group S [27,63-65], group A [21,66,67], and groups AH, 2A, and 2AH [66-68]. Bode
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diagrams revealed that only 2A group presented higher |Z| values than group S at low frequency range.
Nevertheless, since the |Z] modulus was calculated by the geometric exposure area for all groups, as
also discussed above for /. values, a precise determination of the real exposed area might shift the
modulus of the anodic treated groups to higher |Z| modulus. On the other hand, R: values of all groups
were higher than the corresponding R: values (Table 6.3) indicating that the bottom of the tubes played
the main protective role against corrosion as also reported in the literature [20,66,67,69]. Although group
AH presented higher R. values compared to group A, the increased Q. and Q: values of group AH suggests
lower quality of TNT layer indicating that the heat treatment was exacerbated the corrosion behavior of
the sample. The lower quality of TNT layer after heat treatment may be explained by the abovementioned
defects in the interface of nanotube/substrate, as a consequence of the penetration of the electrolyte to
the substrate through the voids among the fluoride-rich layer. The R: value of group AH was drastically
lower than the ones recorded for group 2A suggesting that the oxide layers formed by the second-step
anodic treatment presented significantly better protective properties than that the one formed after the
heat treatment. Similarly, the Qs values of group AH was visibly higher than group 2A indicating that the
quality of the oxide layer formed by the second-step anodic treatment was better than the one formed by
the heat treatment. Regarding the two-step anodic treatment samples, the main protective role against
corrosion was presented by an additional oxide layer, where the R: values of both groups 2A and 2AH
were drasticaly higher than their R: and R.values. Furthermore, the resistance and quality of the oxide
layer formed at the interface of group 2AH were significantly improved resulted from combination of the
two-step anodic treatment and heat treatment, as expressed by drastically higher R and lower Qs values,
respectively. Also, it is worth note that since the R: values of both heat treated groups (AH and 2AH) were
similar, the observed significantly lower Q. values for group 2AH may be related to the formed oxide layer
after combination two-step anodic treatment and heat treatment prevented the formation of defects in

the bottom/inner of tubes.

6.4.3. Tribocorrosion behavior

In this study, the tribocorrosion behavior was investigated at OCP condition, which is closer to
the real implant system since no potential is applied [70]. When the sliding started, the recorded OCP
drop for group S is attributed to the mechanical deformation of passive oxide layer and the exposure of
the bare alloy to the fresh electrolyte. The observed large oscillations during sliding were resulted from
fast depassivation and passivation phenomena, and regaining of its potential after sliding was due to the
repassivation of the worn area, being a typical behavior for Ti and its alloys [28,71,72]. Regarding both

amorphous nanotubes formed groups (A and 2A), as soon as sliding started, gradual decreases in OCP
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values were observed, suggesting a gradual mechanical damage given to the nanotubular layer. After a
certain time, the observed sharp drop on OCP may be explained by the partial detachments of the
nanotubular layer as also confirmed by wear track images. As discussed above, groups A and 2A
presented poor adhesion of nanotubular layers, thus, the wear debris coming out from detachment of
nanotubular layers may acted as third body or got pressed between the contacting surfaces resulting in
formation of a discontinuous tribolayer. Similar behavior reported by Alves ef a/. [34] for TNT formed on
cp-Ti, tested in artificial saliva against alumina ball under 1 N normal load. This discontinuous tribolayer
may give a limited protection against wear and corrosion, however, after reaching a certain thickness, it
may be removed by the counter material resulting in a rapid drop on the OCP as observed for group A

(indicated by arrows on Fig. 6.5a).

In the case of both heat-treated groups (AH and 2AH), once sliding started, the OCP was almost
not affected by sliding, indicating thermodynamically an excellent protection against sliding alumina
counter body under the testing conditions. Gradually decreased COF values for these groups may also
be attributed to the stronger TNT layers, i.e. lesser formation of hard third-bodies due to lesser damage
on the TNT layers and formation of a tribolayer (compacted oxides) on a smoother wear surface. Overall,
the improved protection for these two groups against alumina may be explained by good adhesion and
formation of harder anatase/rutile nanotubular layers. The anatase/rutile crystalline nanotubes showed
better tribological behavior as compared to the amorphous surfaces, resulted from the improvement of
mechanical properties [35,53,73,74]. As mentioned above, rutile phase presents higher hardness and
Young's modulus than anatase phase. According to the literature [48,75,76], within the processing
conditions of the present work, rutile phase can be expected to form mainly at the TNT/substrate
interface and anatase is in the TNT layer. The higher concentration of the rutile phase in group 2AH may
be attributed to the transformation of the amorphous additional oxide layer formed by the second-step
anodic treatment to rutile phase. Thus, the improved tribocorrosion behavior of group 2AH may be
explained by the improved adhesion of the nanotubular layer and higher hardness due to the increased

amount of the rutile phase.

Fig. 6.6 shows a schematic illustration of wear mechanisms for nanotubes formed samples.
Wear mechanisms of Ti-40Nb alloy were schematically reported elsewhere, where it presented
dominantly abrasive and adhesive wear [28,71]. Regarding nanotubes formed samples, as observed on
SEM images (Figs. 6.5¢ and 6.5¢), both A and 2A groups showed similar wear mechanisms, mainly

smashing and densification of the nanotubes, affiliated by full delamination of nanotubular layer most
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probably due to their amorphous structure and relatively poor adhesion. Similar full delamination
mechanisms through cracks formation and propagation from surface to bottom regions of film have
already reported by Alves et a/. for TNT formed on cp-Ti [33,34]. In case of both heat-treated groups (AH
and 2AH), the smashing and densification of tubes on the top region took place, however, instead of
gross delamination of nanotubes, partial crack formation and delamination are occurred from top to
bottom as can be seen from their wear track SEM images (Fig. 6.5d and 6.5f), attributed to their

crystalline (anatase and rutile) structure, together with enhanced adhesion.
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Fig. 6.6. Schematic illustration of wear mechanism of (a) A, (b) 2A, (c) AH, and (d) 2AH samples
(inspired from [34]).

6.5. Conclusion

TNT surfaces formed conventionally on Ti-40Nb by anodic treatment presented poor adhesion.
The adhesion of nanotubes was improved drastically by a combined route, where a second-step anodic
treatment in fluoride-free electrolyte resulted in formation of an additional oxide layer in the interface, and
a following heat treatment yielded with a crystalline transformation. While heat treatment mainly played
a role on improving the tribocorrosion behavior due to formation of crystalline structure, the combination
of formation of an additional oxide layer in the interface and heat treatment mainly played a role on
improving the corrosion behavior by preventing the formation of defects at the interface thus blocking the
penetration of electrolyte to the substrate. Therefore, within the limitations of this work, it can be stated
that this facile and low-cost nanoscale surface modification technique seems to be a promising method

to overcome the poor tribocorrosion behavior of 3-type Ti-40Nb alloy processed by powder metallurgy.
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Abstract

Ti and its alloys exhibit combination of unique properties for biomedical applications, however
their poor tribo-electrochemical behaviour is a major concern. Therefore, TiN coatings were deposited on
cp-Ti (grade 4) by sputtering technique aiming the improvement of its tribocorrosion behaviour. The
properties of the coated samples, using different TiN deposition times, were characterized by using
grazing incidence X-ray diffraction, FIB-SEM, and nanoindentation. The corrosion behaviour was studied
by electrochemical impedance spectroscopy and potentiodynamic polarization in 9 g/L NaCl solution at
body temperature. Tribocorrosion tests were employed under open circuit potential by using a ball-on-
plate tribometer with 1 N normal load, 3 mm total stroke length, 1 Hz frequency, and 1800 s sliding
duration. The results suggested that the TiN coatings deposited during 80 min presented better corrosion

and tribocorrosion behaviour as compared to the bare metal and TiN coatings deposited during 30 min.

Keywords: TiN; Corrosion; Tribocorrosion

177



7.1. Introduction

Titanium and its alloys are widely used in a variety of fields including chemical, automotive,
aerospace, ocean engineering, and biomedical industries due to their high strength, low Young's
modulus, excellent corrosion resistance, and biocompatibility [1-4]. However, one of the major
disadvantages of Ti and its alloys is their poor tribological properties [5,6] raising a particular concern for
biomedical load bearing implants since they are in contact with corrosive body fluids and being subjected
to relative movements resulting in the subsequent release of metallic ions and wear debris to the body.
In order to overcome the low tribological resistance of titanium and its alloys, several surface modification
techniques have been applied such as organic and inorganic coatings [7], thermal oxidation [8], acid
etching [9], electrochemical processes [10], plasma spraying [11] and laser nitriding [12]. On the other
hand, physical vapour deposition (PVD), especially sputtering is an attractive method for coating
biomedical implant surfaces with tailorable coating conditions giving properties such as high hardness,
high corrosion resistance, chemical stability, biocompatibility, hemocompatibility, high wear and abrasion
resistance [13-17]. Thus, TiN coatings have been tested on various implant materials such as dental

implants, orthopaedic implants (hip, knee, ankle joint), cardiac and cardiovascular applications [18-21].

Although some studies are available on the corrosion and tribocorrosion behaviour of nitrided Ti
or Ti alloy surfaces [10,22-28], investigations on the corrosion and tribocorrosion behaviour of TiN thin
films sputtered on Ti surfaces are still scarce. Rizwan et a/. [29] studied the electrochemical behaviour
of nitrogen implanted cp-Ti in Ringer's lactate solution and found that the corrosion behaviour is
improved as compared to untreated Ti. Savonov ef a/. [30] showed a better electrochemical behaviour
of plasma immersed nitrogen implanted Ti-6Al-4V alloy compared to the untreated alloy, as concluded
from potentiodynamic polarization and electrochemical impedance spectroscopy tests in a 35 g/L NaCl
solution at room temperature. El-Hossary ef a/. [31] observed an improved corrosion resistance of RF
(radio frequency) plasma nitrided cp-Ti in Ringer’s solution, as well, an enhancement on wear resistance
after dry sliding were tests performed against 6 mm diameter alumina ball under a sliding speed of
2 mm/s and a normal load of 1 N. Pohrelyuk ef a/. [32] investigated the corrosion behaviour of nitrided
Ti-6Al-4V alloy in Ringer’s solution at 36 and 40 °C and indicated that nitrided alloy presented better
behaviour, and also the corrosion resistance of Ti-6Al-4V was decreased with increased solution
temperature. Galliano ef a/. [22] studied the tribocorrosion behaviour of plasma nitrided Ti-6Al-4V alloy
treated at 700 and 900 °C by performing tests under a normal load of 2 N, frequency of 2 Hz and stroke

length of 3.2 mm during 30 min in 52.6 g/L NaCl solution. The authors reported better wear resistance,
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together with lower change on open circuit potential (OCP) and lower galvanic current under sliding for

the nitrided alloy, particularly for the ones treated at 900 °C.

Furthermore, in the literature, most of TiN coatings have been performed at high deposition
temperatures (500-1100 °C) [6,22,28,31,33-38], which may cause mechanical, microstructural and
chemical damage to the substrate [39-41]. Therefore, sputtering is a promising route due to easy control
of deposition rate, high ionization rate, creation of high-density plasma, and preferable energy of
deposition material improving the adhesion of coating layer [42]. The present study was aimed at
studying the corrosion and tribocorrosion behaviour of TiN thin films produced by RF sputtering on Ti
grade 4 in a 9 g/L NaCl solution at body temperature, as well as to have a preliminary understanding to
the influence of the deposition time on the tribocorrosion mechanisms by characterizing worn surfaces

and sub-surfaces.

7.2. Experimental procedure

7.2.1. Materials and processing

ASTM F67 grade 4 pure titanium (ACNIS) was used as substrate material and grinded with SiC
paper down to 800 mesh size (R.=0.20 + 0.01 um) by an automatic polishing machine. After grinding,
samples were cleaned in an ultrasonic bath in deionized water, acetone and propanol for 10 minutes,
respectively. TiN hard ceramic coatings were deposited on the substrate by RF sputtering technique
(13.6 MHz power supply). Before TiN deposition, the residual pressure was below 10¢ Torr and substrate
surface was sputtered in pure argon plasma in order to minimize the surface impurities. A resistance
heater was used to keep the temperature at 400 °C and all samples were sputtered under 240W RF
power. The TiN layer was deposited with 40 sccm (standard cubic centimetres per minute) Ar and
4 sccm N: flow at constant total pressure of 5 x 10 Torr for 30 and 80 minutes deposition time and

labeled as TiN-30min and TiN-80min, respectively.

7.2.2. Corrosion and tribocorrosion tests

Prior to the corrosion and tribocorrosion tests the samples were cleaned ultrasonically in
propanol and distilled water for 10 and 5 min, respectively. Uncoated samples were metallographically
prepared down to 1200 mesh SiC papers and kept in desiccator for 24 h before being tested. Corrosion
behaviour was evaluated by means of electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization in 9 g/L sodium chloride (NaCl) solution at body temperature (37 + 2 °C)

using Gamry Potentiostat/Galvanostat/ZRA (Reference 600+). All corrosion tests were performed in a
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conventional three-electrode electrochemical cell where samples were kept as a working electrode with
an exposed area of 0.2 cm?, a Pt and saturated calomel electrode (SCE) were used as counter and
reference electrode, respectively. Before EIS measurements, the surfaces were stabilized at OCP till AE
was below 60 mV h+, EIS data were employed at OCP by scanning a range of frequencies from 102 to
10s Hz with 7 points per frequency decade where the amplitude of the sinusoidal was set as 10 mV. After
the EIS measurements, potentiodynamic polarization measurements were carried out after 10 min of
delay at OCP, with 0.5 mV/s scan rate, starting at —0.25 V vs. OCP and moving in the anodic direction
up 1o 1.0 V.

Tribocorrosion tests were performed using a pin-on-plate reciprocating sliding configuration. The
testing samples were used as the working electrode with 0.8 cm? exposed area against a hard and inert
counter-body, a 10 mm diameter alumina ball (Ceratec), and a SCE was used as the counter electrode,
connected to a Gamry Potentiostat/Galvanostat/ZRA (Reference 600). The sliding tests were performed
at a normal load of 1 N, a reciprocating sliding frequency of 1 Hz, and linear displacement amplitude of
3 mm using a tribometer (CETR-UMT-2) coupled to the UMT test viewer software to monitor the coefficient
of friction (COF). Tribocorrosion tests carried out under OCP, in 30 ml of 9 g/L NaCl solution at body
temperature (37 + 2 °C), and consisted of three steps: (i) stabilization at OCP (AE < 60 mV h-) {ii) sliding
for 30 min; (ii) removing the load and recording the recovering of OCP during 30 min. All tests were
repeated at least three times in order to assure the reproducibility and the results were presented as the

arithmetic mean + standard deviation.

7.2.3. Characterization

The crystalline structure of the coatings were analysed using grazing incidence X-ray diffraction
(XRD, Bruker D8 Discover diffractometer equipped with a Cu-Ka radiation (A = 0.1544 nm) at 40 kV and
20 mA) scanned from angle (26) 30- to 65° with a 0.03¢/s step size by grazing incidence mode at 3°.

The phase percentage was calculated through relative intensity of each peak by following Eq. (1).

I
0% phase, = S apeaks. (1)
Zlallpeaks

Nanoindentation studies were performed to obtain complementary hardness data as well as
information on Young's modulus (£) (Micro Materials NanoTest). Data were obtained from 8 indentations
on different locations using a depth-controlled test as maximum depth of 120 nm, 0.2 m N/s
loading/unloading rate, and 5 s dwell time. The average surface roughness (R.) were measured on three

different sample by profilometry (Veeco, Dektak 150). The Daimler-Benz Rockwell-C adhesion test has
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been used in literature [43-46] as a fast and easy method to evaluate the adhesion of various coatings.
This test was performed by using a Rockwell ‘C’ indenter with a load of 150 kg for at least three indentions

by using Officine Galileo Mod. D200 tester.

After each tribocorrosion test, samples were ultrasonically cleaned for 10 min in propanol and
5 min in distilled water, respectively. The wear tracks and worn counter-body surfaces were characterized
by SEM using FEI Nova 200 field emission gun scanning electron microscope (FEG-SEM) equipped with
energy dispersive X-Ray spectroscopy (EDS). All worn surface images were taken parallel to the sliding
direction by using backscattered (BSE) and secondary electron (SE) detector whereas sub-worn surface
images were taken perpendicular to the sliding direction. The 2D wear track profiles were obtained by a
surface profiler (Veeco, Dektak 150), and total wear volume loss was determined following the model

and calculation procedure given elsewhere [47].

The cross-sections of the TiN coatings and subsurface of wear tracks were prepared and
characterized by using FEI Helios NanolLab 450S DualBeam - FIB (focused ion beam) with UHREM
FEG-SEM. To protect the films, first a few hundred nm of Pt protection was deposited on 15 x 2 um?
area with the electron beam using 6.4 nA current accelerated at 3 kV. Afterwards, 1-3 um of Pt protective
strap was deposited with 80 pA Ga* ion at 30 kV. Bulk milling was performed with 9.3 nA, and fine milling
(polishing) was performed on the edge of the trenches with 2.5 nA, both at 30 kV. Finally, cross-sectional

images were taken with SE mode at the accelerating voltage of 10 kV.

7.3. Results

7.3.1. Surface characterization

The XRD pattern obtained on the TiN-30min and TiN-80min samples are presented in Fig. 7.1.
TiN-30min samples exhibited high-intensity peaks characteristics of the hexagonal o-Ti phase
(ICDD 00-044-1294) from the substrate. Regarding the thin film, the tetragonal Ti.N phase
(ICDD 00-017-0386), and rhombohedral Ti:N.: phase (ICDD 01-089-5210) could be identified. The
identified diffraction peaks were well matched to corresponding cards, however, a slight shift occurred
on TisNs and Ti.N peaks for TiN-80min which may be due to the residual stresses in the coating [38].
By increasing the deposition time to 80 min, the XRD pattern revealed the same phases, however, the
relative intensities of Ti:N.:: and Ti.N phases were higher, indicating that a thicker film was present, as
expected from the longer deposition time. Relative intensity of Ti:N phase was observed to be increased

on TiN-80min samples. Also, the phase percentages (phase distribution) regarding TiN coatings were
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calculated by Eq. (1), and the results showed that the coating film on TiN-30min was a combination of
75% TisN22: and 25% Ti:N, while the coating film on TiN-80min was a combination of 46% Ti:N.s: and 54%
Ti.N. Thus, in addition to obtaining a relatively thicker and rougher surface, increased deposition time
also seems to promote the formation of Ti.N phase on the coating layer, which may contribute to obtain

harder and more mechanically-resistant surfaces on TiN-80min samples [48].
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Fig. 7.1. XRD patterns of TiN coated samples.

Fig. 7.2 presents the cross-sectional FIB-SEM micrographs of TiN coated samples showing the
continuous coating layer. Thickness of the films were estimated to be of 148 + 13 nm and 209 + 6 nm

for TiN-30min and TiN-80min, respectively.
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Fig. 7.2. Lower (a, b) and higher (c,d) magnification SEM cross-section images of TiN-30min and
TiN-80min samples, respectively.
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The hardness and Young's modulus of uncoated Ti and TiN coated samples calculated from the
nanoindentation tests are given in Table 7.1 together with the average roughness (R.) values. As can be
seen in Table 7.1, the hardness values were significantly higher on the coated samples as compared to
the values calculated for the bare metal. Besides, average values of Young's modulus were close to those
observed in the substrate for the TiN-30min samples. However, a noticeable increase was observed for
the TiN-80min samples. On the other hand, it was also observed that both hardness and Young's
modulus increased on the coated samples with increasing the deposition time. The R. value of TiN coated
samples was higher than uncoated sample, while the R. values was significantly increased with increasing
deposition time that is known to be influenced by the atomic shadowing effect [49], structural orientation

of the coating [50], and change of coating density [49].

Table 7.1. Hardness, Young's modulus, and R. values.

Sample Hardness (GPa) Young's Modulus Average surface
(GPa) roughness-Ra (um)
Ti 29+0.7 104.4 + 18 0.19+0.02
TiN-30min 50+1.0 109.6 + 17.5 0.22 +0.01
TiN-80min 7.1+0.6 1495+9.8 0.58 + 0.05

Fig. 7.3 shows Rockwell ‘C’' indentations on the coating samples. There was no evidence of
coating delamination for both samples although micro cracks were observed on TiN-30min samples
(insert on Fig. 7.3a) and relatively larger radial cracks were observed on TiN-80min samples. According
to the Daimler-Benz Rockwell-C method, the layer damage adjacent to the boundary of the Rockwell
indentation can be evaluated by microscopy and classifying the adhesion as HF1 to HF6 according to
the level of cracking and coating delamination around the indentation. The indentations classified as HF 1
and HF2 correspond to sufficient adhesion where only cracks are observed, whereas both cracks and
deleminations are observed for HF3 to HF5, and finally, only deleminations are observed for HF6 [51].
Thus, it can be stated that TiN-30min and TiN-80min samples presented acceptable interfacial adhesion

corresponding to HF1 and HF2, respectively.
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Fig. 7.3. BSE SEM images of Daimler-Benz adhesion test on (a) TiN-30min and (b) TiN-80min samples.

7.3.2. Corrosion behaviour

Fig. 7.4 shows representative potentiodynamic polarization curves of the uncoated and TiN
coated samples obtained in 9 g/L NaCl solution at body temperature. The uncoated samples exhibited
a well-defined passivation plateau above around 150 mV, whereas the TiN coated samples did not
present an evident passivation plateau, even though they exhibited lower current densities on the anodic
domain in the potential range tested. Moreover, the current densities recorded for the TiN coating
deposited for 80 min were always lower than the ones recorded for the coatings with shorter deposition
time, indicating higher corrosion resistance for TiN-80 min samples. The corrosion potentials (Ei-0) and
the passivation current densities (/) derived from the polarization curves are given in Table 7.2, and /us

values for all samples were taken at 0.5 V vs. SCE.

As can be seen in Table 7.2, E-o values of TiN coated samples were significantly higher than
that of the uncoated samples, confirming a lower tendency to corrosion for coated samples. On the other
hand, /.. of both TiN coated samples were significantly lower as compared to the uncoated samples,

while, the /. value of the TiN-80min was observed lower than the TiN-30min sample.
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Fig. 7.4. Potentiodynamic polarization curves.

Table 7.2. Electrochemical parameters derived from the potentiodynamic polarization curves.

Sample Ero (Vics) fress (JUA CT2)
Ti -0.371 £ 0.018 1.37 £ 0.04
TiN-30min -0.065 + 0.022 0.11 £ 0.03
TiN-80min 0.009 + 0.046 0.07 £ 0.02

Representative electrochemical impedance spectra of the uncoated and TiN coated samples are
presented in Fig. 7.5 (Nyquist and Bode diagrams). It can be observed from the Nyquist diagram
(Fig. 7.5a) that TiN coated samples presented a larger diameter of semi-circle indicating a higher
corrosion resistance when compared to the uncoated samples. The improved corrosion resistance was
also reflected by a slight increase on total impedance values (|Z|) represented in the Bode diagram
(Fig. 7.5b). Comparing the TiN coated samples, it was possible to observe that the semi-circle diameter
was slightly larger for TiN-80min as compared to TiN-30min. The constant values of |Z| observed in
Bode diagram (Fig. 7.5b) at high frequencies for all samples, where the phase angle was near 0°, as the
typical response of electrolyte resistance. In low and middle frequency ranges, the phase angle values
approached values close to —90° for both substrate and coated samples. In the case of the substrate,

this behaviour indicates a typical capacitive response of the native oxide film formed on the substrate
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surface. Regarding the coated samples, the phase angle values were kept almost constant

(approaching —90°) till the lowest frequencies, indicating the protector character of the TiN coatings.
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Fig. 7.5. (a) Nyquist and (b) Bode diagrams of EIS spectra

The electrical equivalent circuits (EECs) presented in Fig. 7.6 were used to fit experimental EIS
data by using Gamry Echem Analyst software (version 5.61). The EIS experimental data of the uncoated
samples was fitted by using a modified Randle’s circuit (Fig. 7.6a) containing elements representing the
electrolyte resistance (R.), the native oxide film resistance (R.) and constant phase element (CPE)
considering a non-ideal capacitance of the native oxide film (Q.). In fact, the impedance of the CPE is

defined as:
Zepe = [YoGw)™] ™1 (2)

where ¥ is a frequency-independent constant, j = m w is the angular frequency, and n is the
fractional exponent which isinthe —1 < n < 1 range. When n = 1, the CPE response is that of a pure
capacitor, while n = 0 and n = —1 corresponds to a resistor and inductor response, respectively. The
nvalue is influenced by surface heterogeneities and its roughness, thus this element may be described

as a non-ideal capacitor, when n value is close to 1 [52].

Fig. 7.6b represents the EEC used for TiN coated samples. Elements of this circuit includes
electrolyte resistance (R.), while a pair R../Q.« Should be added to represent the contribution of the
resistance and capacitance of the TiN coating. However, since the R... tends to be extremely high due to
the strong insulating properties of the TiN film, this element was removed from the EEC. Furthermore,
in order to represent the corrosion process that takes place inside the defects of the TiN coating, a pair

of Rs/Qu was added in series with the additional electrolyte resistance inside those defects. The barrier
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layer resistance (R.) represents the preferential sites for corrosion in the defects and the Qu regards the

defect layer effect.

(@) (b) R
R c Electrolyte

Electrolyte
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Fig. 7.6. EECs used for fitting EIS experimental data for a) the uncoated and b) TiN coated samples.

The quality of the equivalent circuits used for fitting was evaluated by the goodness of fitting ()?).
All samples presented a good fitting to the corresponded EECs exhibiting x2 values below 10, Qee, Quoc
and Qu values were converted to C. (capacitance of TiN coating) and Cu (capacitance of the barrier layer)

by using Eq. (3) and Eq. (4), respectively, derived from Brug’s equation [53].
1
1- n
Cnox/coat = [Qnox/coath n)] 3)

Cor = [Qpi(Re + RN (4)

7.3.3. Tribocorrosion behaviour

The evolution of OCP before, during and after sliding in 9 g/L NaCl solution is shown in Fig. 7.7
together with the COF values recorded during sliding. Before sliding, all samples presented stable OCP
values due to the presence of a passive film on the uncoated samples and a stable nitride layer on the

coated samples.

In case of uncoated Ti, when sliding started, a sudden decrease in OCP was detected, that
confirmed the removal of passive film due to mechanical damage and pointing an increased tendency to
corrosion in the wear track region [54]. For the TiN-30min samples, after sliding started, the OCP values
gradually decreased till approximately —0.35 Vs then suddenly dropped to lower values, around

-0.7 Vs, similar to those observed on the uncoated samples at the beginning of sliding. After this, local
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increments were recorded during sliding. The first gradual drop in the OCP observed at the beginning of
sliding can be linked to a local damage of TiN coating, and the second sharp drop shows the destruction
of the TiN coating on the contact region with the alumina ball resulting on the exposure of the bare Ti
substrate to the solution (indicated by arrows on Fig. 7.7). Regarding TiN-80min samples, a very small
drop on the OCP values (around 40 mV) was suddenly recorded at the beginning of sliding. Then the
OCP values gradually decreased till approximately —0.30 Vs: and remained relatively constant at this
value till the end of sliding. After sliding, the OCP values of all samples increased near to the values

recorded before sliding due to recovering of the passive oxide film on the damaged Ti area [22].

Evolution of COF can be also seen on Fig. 7.7. Once sliding started, COF value of the uncoated
samples reached values around 0.4, in a short period. As sliding continued, COF of the uncoated samples
kept relatively constant till around 650 s and after that an increment was recorded with a correspondence
with a slight increase on OCP values. Regarding the TiN-30min samples, the initial decrease of OCP
corresponded to an increase on COF values till around 0.7, after this, a sharp drop to around 0.45 was
observed that can be due to removal and/or wear out of the TiN coating. Afterwards, local increments
were observed during sliding, similar to the behaviour observed on the uncoated samples. Regarding the
TiN-80min samples, COF values increased up to approximately 0.6 and then stayed relatively stable with

minor oscillations till the end of sliding.
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Fig. 7.7. The representative evolution of OCP before, during, and after sliding, together with evolution of

COF under sliding for the uncoated and TiN coated samples in 9 g/L NaCl.
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Representative lower magnification SEM images of wear tracks are shown in Figs. 7.8a-c.
TiN-80min samples presented significantly lower wear damage compared to the other samples. Worn
surface features can be seen in more detail on the representative higher magnification SEM images given
in Figs. 7.8d-f. The uncoated Ti and TiN-30min sample surfaces exhibited typical worn surface features
for Ti, namely parallel sliding grooves, adhered/oxidized patches (verified by the presence of oxygen on
the EDS spectra presented in Figs. 7.8g and 7.8h), and plastic deformation. However, the worn surfaces
of TiN-80min samples were dissimilar to other two samples. It can be seen that the damage of the
surface of the TiN-80min samples was much less severe, and denser oxidized patches (black areas on

Fig. 7.8f and corresponding EDS spectrum on Fig. 7.8i) were observed.

Hertzian contact pressures were calculated by using the measured Young's modulus values for
TiN-30min and TiN-80min. The Young's modulus and Poisson ratio of cp Ti grade 4 [55] and alumina
ball [56], as well, the Poisson ratio of TiN [57] were taken from the literature. The chosen normal load
(1 N) corresponds to a maximum Hertzian contact pressure of approx. 390 MPa for Ti and TiN-30min,
and approx. 460 MPa for TiN-80 min, being lower than the reported yield strength of cp Ti grade 4, that
is 480 MPa [55].
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Fig. 7.8. Lower (a, b, c) and higher (d, e, f) magnification SEM images of the worn surfaces of Ti,
TiN-30min, and TiN-80min, respectively, together with the EDS spectrum of the Ti worn surface (g) and

EDS spectra taken from the marked zones of the coated samples (h, i).

In order to have a further understanding on the wear mechanism, FIB prepared cross-sectional
SEM images of the worn sub-surfaces, taken as perpendicular to the sliding direction, were observed
(Fig. 7.9). As it can be seen in Figs. 7.9a and 7.9d, relatively thick adhered/oxidized patches were found
on the uncoated Ti samples. As oppose to the other samples, some cracks were observed on the worn
areas of the TiN-80min samples. The coating layer was not observed under most of the patches, grooves
(TiIN-30min) or damaged areas (TiN-80min, represented by Z4 on Fig. 7.9f), due to the damage given by

abrasive and adhesive wear actions.
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Fig. 7.9. Lower magnification SE/SEM images (a, b, ¢) showing FIB milling zones on the wear tracks,
and higher (d, e, f) magnification SE/SEM images of the worn sub-surfaces of Ti, TiN-30min, and
TiN-80min, respectively.

The SEM images and respective EDS spectra taken from the wear scars on the alumina balls
used as counter-material are presented in Fig. 7.10. The wear scars on the balls that slid against the
uncoated samples were much larger than that observed on the balls used to test the coated samples,
which is in accordance with the dimensions of the wear tracks shown in Fig. 7.8. Transference of Ti to
the alumina counter-body was detected in all surfaces by EDS analysis, indicating adhesive wear.

However, that phenomenon was much pronounced in the uncoated samples.

Fig. 7.10. SE/SEM images of the wear scars on the counter-material surfaces slid against Ti (a),

TiN-30min (b), and TiN-80min (c), together with EDS spectra taken from each wear scar.

The representative 2D wear track profiles taken from centre of the wear tracks are presented in
Fig. 7.11. The uncoated Ti and TiN-30min samples presented similar wear track profiles, whereas much

lower volume loss was observed on the TiN-80min samples. The wear volume loss values were calculated
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as (2.8 + 0.5) x10=mms, (3.3 £ 1.0) x10°*mms, and (0.4 + 0.2) x10=mm: for the uncoated Ti,
TiN-30min, and TiN-80min, respectively.
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Fig. 7.11. Representative 2D wear track profiles.

7.4. Discussion

7.4.1. Corrosion behaviour

TiN coatings are commonly used to increase the corrosion resistance of metallic biomaterials
[58]. Corrosion tests showed that the TiN coated samples presented lower tendency to corrosion and
lower corrosion rate due to nobler potential and lower passive current density (Figs. 7.3 and 7.4) as also
previously been reported for TiN coated on Ti [59], Ti-6Al-4V [60], Ti-6Al-7Nb [61], Ti-35Nb-77r-5Ta [25],
and Ti-25Ta-25Nb alloy [62]. On the other hand, TiN-80min samples presented higher corrosion
resistance as compared to TiN-30min. That may be related to the differences on the TiN coating
thickness, that was not linearly proportional to the deposition time possibly due to the sub-stoichiometric
phase transformation resulted in changing of crystalline structure and lattice parameters [63], together
with the increase on the amount of the Ti.N phase that is known for its more stable behaviour and good
electrochemical response [35,60]. Nevertheless, the increase on the passive current densities of the TiN
coated samples during the potentiodynamic polarization tests (less pronounced for the TiN-80min
samples) might be attributed to the oxidation of the Ti.N and Ti:N.z;phases [22,64], by a process similar
to that reported by Pohrelyuk et a/. [32] for the oxidation of the TiN phase, according to the reaction (1),

2TiN + 2yH.0 — 2TiNO, + (1-x)N. + 4yH: + 4dye (1)
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The EEC parameters deducted from the fitting of the EIS data for the uncoated and TiN coated
samples are presented in Table 7.3. The values of the resistance and capacitance of native oxide film
formed on the uncoated samples were around 2.06 MQ cm? and 7.73 pyF cm, respectively, suggesting
a high corrosion resistance of the typical passive films formed on Ti surfaces. Regarding the coated
samples, when the deposition time increased from 30 min to 80 min, a slight decrease on the
capacitance values of the TiN coatings (C..) was observed, indicating an improvement on the corrosion
resistance. Furthermore, the capacitance values of TiN coatings were lower when compared with the
capacitance of the native oxide film formed on the substrate, indicating better corrosion protection

characteristics of these coatings.

Table 7.3. Equivalent circuit parameters obtained from EIS data.

Ti TiN-30min TiN-80min

R (MQ cm?) 2.06 £ 0.33 - -

Cro (UF cm3) 7.73+£0.36 - —

Moo 0.92 £0.01 - -

Cowt (UF cm?) - 487 +1.43 3.08 £ 1.07
Mt - 0.94 £0.03 0.90 £ 0.02
Rs(MQ cm?) - 16.31 £ 2.67 1175+ 2.94
Cu (uF cm™) - 2.63+0.84 1.73+0.86
Mo - 0.84 £ 0.02 0.86 + 0.07
X <1.80x 10+ <7.77 x 10 <1.06 x 10+

7.4.2. Tribocorrosion behaviour

Evolution of OCP and COF during sliding, as well, the analysis of the worn surfaces after
tribocorrosion tests revealed that the relative amount of phases presented in the coatings together with
the deposition time significantly affected the tribocorrosion behaviour. The behaviour of the uncoated
samples was observed to be in accordance with the tests made in the same conditions in the literature
[65]. The relative increase in the potential up to around 1600 s during sliding was due to the thickening
of the adhered/oxidized patches that may provide a limited protection against corrosion, as also reported
by Silva et al. [65] for cp-Ti (grade 2) tested under similar conditions. After around 1600 s, the thickened

adhered/oxidized patches might be removed, thus a decrease was observed on the potential values.
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The evolution of OCP and COF was relatively similar on TiN-30min and uncoated Ti, probably
due to the damage of the TiN coating at the beginning of the sliding (indicated by arrows on Fig. 7.7).
After the failure of the coating layer, oxidized patches were formed, and the thickening and breaking of
these patches caused increases and decreases both in OCP and COF values. The more positive
increments on the OCP values during sliding for TiN-30min samples compared to uncoated Ti may be
due to the incorporation of TiN debris in oxide patches which may provide a relatively higher protection
against tribocorrosion. The samples coated with longer deposition time presented a significantly different
behaviour as compared to the uncoated and TiN-30min samples where coating layer was not completely
damaged during tribocorrosion thus less negative OCP values were observed, indicating lower tendency

to corrosion under sliding.

Adhesive wear is characterized by elevated wear rates and larger, unstable COF resulting with a
severe wear damage. During adhesive wear, strong adhesion formed between the asperities of the sliding
surfaces causes elevated frictional forces, and the asperities may be removed leading to formation of
wear debris, transfer layers, or adhered/oxidized patches. On the other hand, sliding movement leads to
plastic deformation of the adhered asperities that may also result on work hardening of the adhered and
deformed metallic surfaces eventually resulting in formation of grooves and abrasion scratches on the
worn sample surface, which was clearly observed on the worn uncoated Ti and TiN-30min surfaces
(Figs. 7.8 and 7.9) [66]. During this action, brittle materials produce less wear debris since they break
easier than the ductile materials. As a result, detached pieces from the sample surfaces may attach to
the counter material surface (insert on Fig. 7.10a), may repeatedly move from one sliding surface to the
other one, or may attach to the worn sample surface in the form of a transfer film, or adhered/oxidized
patch (Figs. 7.8d-f and 7.9) being another typical feature of adhesive wear [66] as also reported in the
literature for Ti [65,67] and Ti-6Al-4V [47,68]. Besides, sub-surface cracks mainly observed under the
patches on TiN-80min samples can be related with both the decreased ductility, as well, locally increased
contact stresses due to higher roughness. As a result, during reciprocating sliding, fatigue may lead to

nucleation and propagation of sub-surfaces cracks on the protruded surfaces [66].

It is known that increasing surface roughness, hardness, and Young's modulus, as well, the
presence of contaminants such as oxides and nitrides reduces the influence of adhesive wear [66].
Accordingly, increased hardness, Young's modulus and surface roughness from the uncoated samples
to the coated samples resulted with the decreased damage given by adhesive wear to the coated

samples, which was confirmed by formation of relatively lesser and shallower adhered/oxidized patches,
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sliding grooves (Figs. 7.8 and 7.9), and lesser amount of transferred material on the counter material
surface (Fig. 7.10), eventually affecting the material loss during tribocorrosion (Fig. 7.11). Therefore,
TiN-80min samples having the thickest TiN coating, highest hardness and highest Young's modulus
exhibited highest resistance to abrasive wear, maintaining its barrier role between the substrate and the

counter material thus minimizing the influence of adhesive wear.

Fig. 7.12 shows schematically the wear mechanisms proposed for the materials tested in this
work. The uncoated and TiN-30min samples presented mainly a combination of abrasive and adhesive
wear governed by parallel grooves, discontinuous tribolayers (patches), plastic deformation, and
transferred material, whereas the features of abrasive and adhesive was only occurred on the protruded
surfaces on TiN-80min samples. However, TiN-80min samples also suffered to fatigue wear, that was

evident on the worn sub-surfaces.
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Fig. 7.12. Schematic tribocorrosion mechanisms of uncoated Ti (a), TiN-30min (b) and ¢) TiN-80min.

Although this work showed that the deposition time can have a noticeable influence on the
tribocorrosion mechanisms, the correlation between the deposition time and tribocorrosion mechanism
is worth to be explored more in detail. Besides, since different implants, even in different implant parts
over same implants are required different surface characteristics, further studies should consider the

effect of the topographical factors, together with the biological factors, on the tribocorrosion mechanisms.

7.5. Conclusions
The corrosion and tribocorrosion behaviour of TiN coating on cp-Ti (grade 4) obtained by reactive
sputtering with longer deposition time (80 min) presented lower corrosion rate and better capacitive
behaviour due to increased thickness of the coating layer and increased percentage of Ti:N phase on the
coating layer. Increased coating thickness and promotion of the formation of Ti:N phase also gave a
resistance against abrasive wear, adhesive wear, and plastic deformation, thus, led to obtain a clear
improvement on the tribocorrosion resistance. Therefore, these results pointed that deposition time

should be carefully adjusted according to the contact conditions of the targeted applications.
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Abstract

A novel multi-functional material was developed by hard TiN particle reinforcement addition to a
[-type Ti alloy, following by bio-functionalization of its surface through Ca and P rich oxide layer. Corrosion
and tribocorrosion behavior of this multi-functional material was investigated in phosphate buffer solution
at body temperature. Bio-functionalization drastically improved the corrosion and tribocorrosion behavior
of the unreinforced and reinforced samples, where the bio-functionalized [-type titanium alloy matrix
composite presented the best tribocorrosion behavior due to the load-carrying role of the hard

reinforcement phase that gave a support to the functionalized surface layer.

Keywords: Metal matrix composites, B-type Ti alloys, Micro-arc oxidation, Corrosion, Tribocorrosion
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8.1. Introduction

B-Type Ti alloys have been the focus of research among metallic based biomaterials particularly
for load-bearing applications, hard tis- sue replacement, and fracture healing, mainly due to their two
important properties [1,2]: First, they show excellent mechanical compatibility resulted from their low
Young's modulus values and appropriate strength which is crucial for reducing stress shielding effect
that hinders bone ingrowth [3,4]. Second, they are mostly composed of non-toxic elements, thus,
expected to be a good alternative to the most widely employed Ti alloy, a + 3 type Ti-6Al-4V alloy, which
has great concerns due to the release of harmful Al and V ions to cells and tissues [5-7]. However,
recently it has been reported that B-type Ti alloys present poor wear resistance compared to Ti-6Al-4V
alloy under different tribological conditions, mainly due to the low strain hardening behavior of the 8
phase [8-11]. The generated wear debris cause osteolysis and eventually implant failure may occur [12].
Hard coatings have been extensively proposed to overcome the poor wear resistance of Ti and its alloys
[13-18]. One of the most studied hard coatings for load- bearing applications is TiN coatings due to its
high hardness [19], superior wear resistance [20], excellent corrosion resistance [21], and good
biocompatibility [22]. However, their inherent brittleness and low fracture toughness are still a major

concern for load-bearing applications [23,24].

Metal matrix composites (MMCs) reinforced with hard particles have been well studied in order

to overcome the possible low fracture toughness of hard coatings and also to improve the wear resistance
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[25]. Ti and its alloys reinforced with TiN particles might potentially over- come the problems related to
TiN coatings applied on monolithic metal. Romero ef a/. [26] studied mechanical and microstructural
behavior of Ti matrix composites (TMCs) reinforced by TiN particles and reported a significant
improvement in hardness not only due to load carrying effect of hard TiN particles, but also the
modifications on the matrix micro- structure. Similarly, mechanical and microstructural properties of
spark plasma sintered Ti-6Al-4V reinforced with nano TiN particles were studied by Maja ef a/. [27]. The
authors reported that the addition of nanosized TiN led to the transformation of o and 3 phases to a
bimodal structure together with drastic increase of hardness and Young’'s modulus. Furthermore, the
fracture toughness of Ti-6Al-4V alloy was improved with reinforced nano TiN particles [28]. Kundu ef a/.
[29] studied the effect of volume fraction of TiN on hardness and wear behavior of Ti-6Al-4V alloy and it
was reported a direct proportional ratio between volume fraction, hardness, and wear behavior. Regarding
corrosion, the main determining parameter is the formation of defects or discontinuities at the
matrix/reinforcement interface, which can lead to localized corrosion or galvanic coupling [30-32].
Toptan et a/. [31] studied the corrosion and tribocorrosion behavior of Ti-B.C composite in 9 g/I NaCl
solution and reported increased corrosion kinetics resulted from localized corrosion due to the formation
of porosity around agglomerated B.C particles. However, Silva et a/. [33] demonstrated that the defect-
free interface between matrix and reinforcement of hybrid in-situ Ti-TiB-TiN« composite did not deteriorate
the corrosion behavior, but significantly improved the tribocorrosion behavior under 1 N normal load in

9 g/I NaCl solution.

While Ti and its alloys are one of the best biocompatible metallic materials, their bioinert behavior
cannot lead to bone growth. Micro-arc oxidation (MAO) technique is well studied in the literature not only
to improve the bioactivity of Ti and its alloys but also to improve the corrosion and tribocorrosion behavior
through a formation of desired surface characteristics [34-40]. Also, the MAO treatment allows
incorporating the bioactive agents such as Ca and P allowing to obtain a Ca/P ratio that similar to
hydroxyapatite. As a consequence of improved surface roughness, better wettability, and bioactivity, the

MAO treated [3-type Ti alloys present better adhesion, proliferation, and differentia- tion of cells [41-45].

Poor tribocorrosion resistance and lack of bioactivity are major limiting factors for non-toxic and
low Young’s modulus B-type Ti alloys to be used in load-bearing biomedical applications. Therefore, the
pre- sent work aimed to develop a novel multi-functional material not only to improve the tribocorrosion
behavior of B-type Ti alloys, but also to improve their biological behavior. For this reason, a [3-type

Ti-25Nb-5Fe alloy was reinforced with hard TiN particles by powder metallurgy route, and bio-
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functionalized through MAO treatment with incorporation of Ca and P. The corrosion and tribocorrosion

behavior was investigated in a physiological solution at body temperature.

8.2. Materials and methods

8.2.1. Materials and sample preparation

The raw material used in this study for obtaining Ti-25Nb-5Fe in wt% alloy was commercial TiH.
powder (GfE, Ds < 63 um), Nb powder (Sat-Nano, Ds: 18 um), and Fe powder (H.C. Starck, Ds: 5 um).
The alloy was reinforced with 5% vol. of TiN powder (Sigma-Aldrich, D=: 1-5 pum). Mixtures of samples
were prepared by wet planetary milling to improve the dispersion of powders with milling for 2 h at
150 rpm in isopropanol at a ball-powder ratio of 10:1 in weight. Then, mixtures were dried in a rotary
evaporator and green compacts were pressed at 700 MPa (16 mm in diameter and about 4 mm in
height), then sintered under 1450 °C for 4 h with a high vacuum (10 mbar). The Ti-25Nb- 5Fe alloy and
its composites were labeled as Alloy and MMC, respectively. Samples were grounded with SiC papers
down to 2400 mesh size and mirror-finished by using colloidal silica suspension (Buehler, 0.02 um),
following by ultrasonically cleaning in propanol and distilled water for 10 min and 5 min, respectively.

Before tests, samples were held up in a desiccator for a day before starting each test.

8.2.2. Bio-functionalization by micro-arc oxidation

Mirror finished samples were subjected to MAO in an aqueous electrolyte including a mixture of
0.35 M calcium acetate monohydrate (CA, Fluka) and 0.02 M B-glycerophosphate disodium salt
pentahydrate (3-GP, Alfa Aesar) in order to obtain Ca and P-rich bio-functionalized surface. The MAO
treatment was performed under potentiostatic regime at 300 V by DC power supply (Agilent N5772A)
under a limiting current of 2.5 A during 1 min at room temperature under 500 rpm of magnetic stirrer
conditions. A platinum foil was used as a cathode with a 7.0 cm? exposure area, and distance between
Pt foil and samples (anode, with 1.5 cmz exposure area) was kept in 8 cm. After the bio-functionalization,
all samples were cleaned by propanol and distilled water and dried with warm air. The MAO treated Alloy

and MMC samples were labeled as MAO-Alloy and MAO-MMC, respectively.

8.2.3. Corrosion and tribocorrosion tests

Degradation behavior was investigated by corrosion and tribocorrosion tests in phosphate buffer
solution (PBS; 0.2 g/1 KCI, 0.24 g/| KH:PO., 8 g/I NaCl, 1.44 g/| Na.HPQ.) at body temperature (37 °C).
The Corrosion behavior was studied by open circuit potential (OCP), electrochemical impedance

spectroscopy (EIS), and potentiodynamic polarization measurements on 0.38 cm? exposure area in
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180 ml electrolyte (adapted from ASTM: G3-89) placed using Gamry Potentiostat/ Galvanostat/ZRA
(model Reference-600+). An Ag/AgCl (KCl saturated) electrode was used as a reference electrode (RE),
a platinum net was used as the counter electrode (CE), and the samples were used as a working electrode
(WE). EIS was performed after stabilization of samples of OCP (AE < 60 mV for last hour) by scanning a
frequency range from 10° to 102 Hz with an AC signal of 10 mV and counting 7 points per frequency
decade. Afterward, the potentiodynamic polarization measurement was performed with a 0.5 mV/s scan

rate, starting to scan at —0.25 Ve Up 10 1.5 Vagnec.

Tribocorrosion behavior was studied in a triboelectrochemical cell installed on a reciprocating
tribometer (CETR-UMT-2). The tests were carried out against the alumina ball (10 mm in diameter,
Ceratec) in 30 ml PBS electrolyte by using a Gamry Potentiostat/Galvanostat (model Reference-600)
together with same electrodes that used in the corrosion tests. OCP was monitored before, during, and
after sliding. The sliding started under 1 N of normal load, 5 mm of displacement amplitude, 1 Hz of

frequency, and 30 min of sliding time.

8.2.4. Characterizations

The microstructure of the bare alloy and composite, and wear scars of counter material were
analyzed by optical microscope (OM, Leica- DM?2500) after etching in Kroll's reagent
(%3 vol HF + %6 vol HNO3 + %91 vol H20). Surface morphology of the bare (alloy and composite)
samples (FEI Quanta 650), MAO treated samples, and wear tracks was analyzed by secondary electron
(SE) and backscattered electron (BSE) mode of scanning electron microscopy (SEM) equipped with
energy dispersive spectroscopy (EDS) for elemental analysis (FEI Nova 200). The volume fraction of each
phase in the MMC sample was calculated using ImageJ 1.51j8 software. Vickers micro-hardness and
macro- hardness values were studied by using Emcotest Durascan tester and Officine Galileo Mod. D200
tester, respectively, by a mean of 10 indentations performed randomly per 3 different samples with a
load of 0.5 kgf (micro-hardness) and 15 kgf (macro-hardness) during 15 s. The electron backscattering
diffraction (EBSD) coupled with the EDS-SEM (FEI Quanta 400) operating at 15 kV was used in order to
evaluate the phase mapping, Kikuchi patterns, and crystallographic orientation of each phase in MMC
sample. The MAO treated samples were embedded in a hard resin, cut with a diamond disc, ground with
SiC papers up to 2400 mesh, and polished with colloidal silica suspension (Buehler, 0.02 um) to analyze
the cross-section. The phase analysis was employed by X-ray diffraction (XRD, Bruker D8 Discover
diffractometer) scanning from an angle of (26) 20° to 80" with a 0.02°/s step size. Surface wettability

was accessed by contact angle measurements through a sessile drop method using an optical
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tensiometer (dataphysics, OCA 15 plus). A 5 ul droplet of ultra-pure water was dropped on the surface
of the samples and the contact angle was considered after 10 s at room temperature. Three different
samples per group were analyzed and the drop image was recorded by using a video camera. The wear
track profiles and total wear volume loss was evaluated by 3D profilometry (Profilm3D) over three different

samples.

8.3. Results

Figs. 8.1a and b show SE and BSE SEM images together with an insert OM microstructure
images of Ti-2bNb-bFe alloy and its composite. As can be seen in Fig. 8.1a, the alloy presented single
phase microstructure included pores. The MMC samples showed two well-differentiated phases, where
the bright zones on SEM images correspond to the matrix, and dark one corresponding to the TiN
reinforced phase with a 45.6% volume fraction. Also, the MMC samples exhibited smaller grain size and
homogeneous dispersion of reinforcing phase through matrix, free from any gross defects such as
porosity and cracks. Regarding hardness, the TiN reinforcement was significantly improved the Vickers
macro hardness of Alloy as 449 + 17 HVis, 275 + 4 HV:s, respectively. Also, the reinforced phase was
presented drastically higher micro hardness values as compared to its matrix in the MMC sample by

846 + 65 HVos and 421 + 25 HV.s, respectively.

To identify each phase, EBSD analysis was performed on the MMC sample operating at 15 kV.
The BSE image of both phases and its phase mapping image is given in Fig. 8.1c and Fig. 8.1d,
respectively. The red regions correspond to the body-centered cubic (bcc) B-Ti phase as given its Kikuchi
pattern and index (ICCD 00-044-1288) in Fig. 8.1f. The green regions presented the hexagonal close-
packed (hcp) TiNos phases as identified by its Kikuchi pattern and index (ICCD 00-041-1352) in Fig. 8.1g.
Also, the EBSD crystallographic orientation color map image is shown in Fig. 8.1e. Specifically, most of
the areas of the matrix are green corresponding to the bcc (101) indices in the normal direction. The

reinforced hcp TiNos phase indicated different crystallographic orientations in the B-Ti matrix.
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Grain
houndaries

Fig. 8.1. SE and BSE SEM images together with an insert OM images of microstructure of a) Alloy and
b) MMC samples. The EBSD results of the MMC sample; c) BSE image of both phases, d) its phase
mapping image, e) the crystallographic orientation map and the corresponding inverse pole figure of

MMC sample f) Kikuchi pattern of the matrix, g) Kikuchi pattern of reinforced phase.

The top view and cross-section images together with EDS and XRD pattern of MAO treated
samples are shown in Fig. 8.2. As can be seen in SE and BSE SEM images, MAO-Alloy and MAO-MMC
samples presented a uniform micro-porous volcano-like structure. Similar morphologies observed on the
matrix and reinforcing phase of MAO-MMC samples. Regarding cross-sections, both samples presented
a triplex anodic layer structure; barrier film formed at metal-anodic layer interface, inner porous layer
with small pores, and outer porous layer with larger pores [35]. The average overall thickness of anodic
layers for MAO-Alloy and MAO-MMC samples was the approximately 6 and 8 pum, respectively. Moreover,
the anodic layer formed on both phases of MAO-MMC samples showed the same triplex structure, where
no visible differences were observed. The EDS spectra indicating the incorporation of Ca and P for both
samples. The Ca/P atomic ratio was 2.65 and 2.75 for overall MAO-Alloy and overall MAO-MMC samples,
respectively. Also, the Ca/P atomic ratio was 2.17 and 2.91 for Z1 and Z2, respectively, showing higher
the Ca/P atomic ratio on the reinforcement phase. Nitrogen (N) was not detected by EDS most probably
due to relatively high thickness of the MAQ layer. Regarding XRD results, while the XRD pattern of Alloy
presented fully B-Ti phase (ICCD 00-044-1288), the MMC composed of 3-Ti phase (ICCD 00-044-1288)
and TiNes phase (ICCD 00-041-1352) as in accordance with the EBSD results. In the case of bio-
functionalized samples, in addition to their substrate peaks, both MAO treated samples presented

anatase (ICCD 00-021-1272) and rutile (ICCD 01-070-7347) TiO. peaks.

The surface properties of the material are the first key affecting the biological response of a

biomaterial. Being one of the most important parameter, the wettability of samples was investigated
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through contact angle measurements and the results are given in Fig. 8.2i, together with the
representative optical images. Both bio-functionalized samples presented similar and drastically lower
contact angle values compared to their untreated substrate. Among untreated samples, MMC showed a

lower contact angle compared to Alloy.
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Fig. 8.2. Top view SE/BSE SEM, SE cross-section image, EDS spectra, and XRD pattern of MAO-Alloy in
(a), (c), (e), and (g), and MAO-MMC in (b), (d), (f), and (h), respectively. Contact angle values and

representative optical images given in (i).

The corrosion behavior was studied by potentiodynamic polarization measurement in PBS
solution at 37 °C and the results are given in Fig. 8.3a. Corrosion potential (£:-0) and passivation current
density (/= taken at 0.5 Vigno Were obtained from potentiodynamic polarization curves are shown in
Table 8.1, together with recorded OCP values during last 10 min. Alloy and MMC showed similar Eac,
Ei0, and /. values and a well-defined passivation plateau. Both bio-functionalized groups presented a
passive region but a slight increase of current above approximately 0.75 V that may be explained by the
dissolution of Ca and P on the MAO layer. Significant increase of £ar, £io and significant decrease of the

/== Were observed from untreated groups to MAQ treated groups.

Table 8.1. Corrosion potential (£:-) and passivation current density (/) values obtained from

poytentiodynamic polarization curves.

Groups Eoce (Vo) Ero (Vice) fress (UA.CT12)
Alloy —-0.30+£0.03 -0.25+0.02 2.73 +0.33
MMC -029+£004 -0.25+0.04 2.62 +0.02
MAO-Alloy 0.54 +0.04 0.28 £ 0.03 0.12 £ 0.02
MAO-MMC 0.50+0.10 0.26 + 0.07 0.12 £ 0.04
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Fig. 8.3b and c present the EIS for untreated and bio-functionalized samples in the form of Bode
diagram. At the high-frequency range, the constant values of |Z| and phase angles close to 0° were
obtained for Alloy and MMC showing a typical response of the electrolyte resistance. Both untreated
groups showed one time constant, and their phase angle approaching —90° in low and middle-frequency
range suggesting the capacitive behavior of a compact oxide film. The MMC presented a higher phase
angle at the middle and low-frequency range and higher |Z| values at low-frequency range. Regarding
the MAO-Alloy and MAO-MMC samples, both groups presented three-time constants and their phase
angle approached to —60° values. Both groups showed relatively similar |Z| and phase angle values.
Figs. 8.3d and e show the schematic representation of the electrical equivalent circuit (EEC) used for
fitting the EIS experimental data of the untreated and bio-functionalized groups, respectively. The R., R,
and Q. are the electrolyte resistance, the resistance of natural passive oxide film, and a constant phase
element (CPE), respectively, the CPE considering a non-ideal capacitance of passive oxide film. The Ru
and Qx are showing resistance and a CPE of the barrier film, respectively. Regarding the porous layer,
since the thickness of corresponding layers were too high leading poor electronic conductivity, only the
CPE of the outer porous layer and the inner porous layer was considered as representing the Q.. and
Q.2a, respectively. The R. is additional resistance of the electrolyte inside the outer pores and the R." is

additional resistance of the electrolyte inside the inner pores.

The CPE showing a shift from an ideal capacitor used in EECs. The impedance of CPE is defined
as: Zcpp = [Yo(jw)™]™1 , where —1 < n < 1. A non-ideal capacitor may be described by a CPE if
n = 1. The EEC parameters obtained from EIS experimental data for untreated and bio-functionalized
groups are given in Table 8.2. The quality of fitting on the proposed EECs was evaluated by the x>

(goodness of fitting) where the proposed models showed values below 104,
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Fig. 8.3. Corrosion behavior: a) Representative potentiodynamic polarization curves of untreated and

treated groups; Bode diagrams of b) Alloy and MMC, ¢) MAO-Alloy and MAO-MMC; EEC proposed for d)

Re : Electrolyte resistance

Rox : Native oxide film resistance
Rbf ; Barrier film resistance

Qox : CPE of the native oxide film
Q1/2wall : CPE of the inner porous wall
Qwall : CPE of the outer porous wall
Qbf : CPE of the barrier film

Re’ and Re”: Additienal electrolyte resistances

Alloy and MMC, and e MAO-Alloy and MAO-MMC (adapted from [46]).

Table 8.2. EEC parameters obtained from EIS data for all groups of samples.

Parameters Alloy MMC MAO-Alloy MAO-MMC
Ra (M cr2 0.32+0.06 0.99+0.57 - ~

Qu (10 F cm2 sm) 3.35+0.46 3.20+0.13 - -

Noc 091+0.01 0.94+0.01 - -

Qw (x10+ F cm-= sm) - - 3.12+0.06 233+0.54
Nes - - 0.71+0.01 0.64+0.04
Quzn (X105 F cm-2 s - - 1.97+0.26 1.52+0.53
Ni/2va - - 0.72+0.01 0.73+0.02
Qua (x10- F cm-2 s+ - - 0.17+0.03 0.19+0.03
Nvar - - 0.83+0.01 0.82+0.01
X2 (x 10) 1.0+£0.2 1.4+0.3 1.3+£0.2 0.3+0.2

The evolution of OCP before, during, and after sliding together with the evolution of coefficient of
friction (COF) are given in Fig. 8.4a. Before sliding, bio-functionalized samples showed significantly higher
OCP values and all samples presented stable OCP values in agreement with £ values shown in Table

8.1. As soon as sliding started, a sudden drop on OCP was recorded for Alloy and MMC samples due to
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mechanical destruction of the passive film eventually exposing the corrosive electrolyte to the bare
material. Alloy exhibited relatively large oscillations attributed to depassivation/repassivation
mechanisms, whereas local increments of OCP were observed for MMC during sliding. After sliding, the
OCP of both groups immediately increased close to the values observed before sliding as a consequence
of repassivation of the worn area [47]. Regarding both bio-functionalized groups, there was no evidence

of drop, an almost constant OCP value was recorded during the entire test.

The evolution of COF can be also seen in Fig. 8.4a. When sliding started, the COF value of Alloy
reached values around 0.7 and evolved around this value during sliding with larger oscillations. Regarding
MMC samples, once sliding started, COF values were recorded around 0.5 and evolved similar to Alloy
till around 750 s and after that, local decrements and increments were observed corresponding to an
increments and decrements, respectively, on OCP values. Both bio-functionalized samples presented

relatively stable COF values around 0.4 with minor oscillations till the end of sliding.

The representative SEM images of wear tracks, the 2D and 3D wear track profile images together
with cross-section SEM images of bio-functionalized groups are also shown in Fig. 8.4. Alloy presented
significantly larger wear track width and more wear damage compared to other groups. Bio-
functionalization clearly reduced the wear damage on both Alloy and MMC samples
(Figs. 8.5d and e, respectively). Among bio-functionalized groups, although both groups presented

relatively similar wear track width, the MAO-Alloy showed irregular wear track borders.

Worn surface features can be seen in more detail on the representative higher magnification
SEM images shown in Figs. 8.5fi. Both Alloy and MMC worn surfaces presented parallel sliding grooves
and discontinuous tribolayer formation where MMC exhibited smoother surface. Among bio-functionalized
samples, distinct worn features clearly observed in Figs. 8.5h and i. While the worn surface of MAO-Alloy
sample exhibited mainly partially damaged MAO layer (removed outer MAO layer), worn MAO-MMC

surfaces mainly presented a mixture of smashed outer MAO layer and unaffected zones.

The OM images taken from the wear scars on the alumina balls used as counter-material are
presented in Figs. 8.4j-m. The wear scars on the balls that slid against the untreated samples were much
larger than that observed on the balls used to test the MAO treated samples, which is in accordance with
the dimensions of the wear tracks. Gross material transfer to the alumina counter-body was observed for

Alloy.

215



Since no well-distinguishable wear loss occurred on bio-functionalized samples, the
representative 2D and 3D worn surface profiles are only given for the untreated groups and presented
together with the measured total wear volume loss in Figs. 8.4n and o. The alloy presented drastically
deeper and larger wear track in agreement with the wear track SEM images. As can be seen from the
profiles, while MMC sample presented rougher wear track, Alloy showed a smooth and uniform wear
track. Regarding total wear volume loss values, Alloy presented almost 6 times higher wear volume loss.
Cross-sectional SEM image of wear tracks perpendicular to the sliding direction of bio-functionalized
samples are given in Figs. 8.5p and g. A partially damaged MAO layer, after the removal of the outer
MAQO layer, was observed on worn MAO-Alloy, whereas very less damage was observed on worn

MAO-MMC, as in agreement with the top view SEM images of wear tracks.
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Fig. 8.4. Tribocorrosion behavior: a) The representative evolution of OCP before, during, and after

sliding, together with the evolution of COF under sliding; lower magnification SE and BSE SEM images
of wear tracks for b) Alloy, c) MMC, d) MAO-Alloy, and ) MAO-MMC; higher magnification SE and BSE
images of worn surfaces for f) Alloy, g) MMC, h) MAO-Alloy, and i) MAO-MMC; wear scar OM images of

counter material for j) Alloy, k) MMC, I) MAO-Alloy, and m) MAO-MMC; representative 2D and 3D

(taken from the border of the wear tracks) wear track images, and measured total wear volume loss for

n) Alloy and o) MMC; cross-section SEM images of wear tracks perpendicular to the sliding direction for

(p) MAO-Alloy and (gq) MAO-MMC.
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8.4. Discussion

8.4.1. Microstructure

The size of TiN reinforcement was bigger than the raw TiN powder (1-5 pm) suggesting that the
chemical reaction took place during sintering. The XRD and EBSD Kikuchi patterns revealed the
reinforced phase as TiNes, which was uniformly distributed. Also, the top view microstructures
(Fig. 8.1b and c) and the cross-sectional microstructures of MMC (Fig. 8.2d) showed no evidence of
interfacial defects suggesting excellent bonding at the matrix/reinforcement interface resulted from in-
situ chemical reaction. It is known that on MMCs, in addition to the direct strengthening by the effect of
the reinforcement, indirect strengthening resulted from the alterations on matrix structure such as strain
hardening, dislocations and grain refinement is occurred. Consequently, a significant increase was
obtained on hardness values from 275 + 4 HV:s to 449 + 17 HV.s, as also previously been reported for
5% vol. TiN reinforced pure Ti [26], thanks to thermodynamic compatibility and contamination-free matrix-

reinforcement interface, along with classical composite strengthening mechanisms [48].

MAO is one of the most effective surface modification techniques for the bio-functionalization of
valve metals and their alloys due to its simplicity, high efficiency, and low cost [49]. The incorporation of
Ca and P bioactive elements were successfully achieved, that are reported to improve the biological
behavior of implant materials since they are naturally presented in bones [50]. Also, the created higher
surface roughness is known to be suitable for cell adhesion [51]. Moreover, the XRD results showed the
formation of anatase and rutile phases in the MAO layer suggesting better osteointegration compared to
bare materials [39]. Apart from its thickness, no visible differences on the microstructure of the MAO
layer was observed after the incorporation of the reinforcement, while both bio-functionalized groups
presented the same Ca/P ratio and crystalline anatase and rutile phases on the MAO layer. Concerning
wettability, although both bio-functionalized groups showed the same and drastically lower contact angle
(18 £ 2), MMC group (57 + 3) presented lower values than the values of Alloy (81 + 5), indicating
improvement of hydrophilicity of the surface. The decreament of contact angle with MAO layer formation
is mainly due to formation of higher surface porosity and rougher topography [38]. The decrement on
contact angle with reinforcement has been also reported for laser processed TiN reinforced Ti-6Al-4V due
to their higher surface energy as compared to the unreinforced alloy [51]. Hydrophilic surfaces are more
prone to adhesion of proteins, molecules, cells, and tissue interactions, and improving osteointegration

rate [52]. Therefore, the bio-functionalization may improve bioactivity in a biological environment by
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transforming the surfaces from hydrophobic to hydrophilic together with other factors such as Ca/Pa

ratio, surface roughness, and crystal structure, as discussed above.

8.4.2. Corrosion behavior

The defects at matrix/reinforcement interface such as cracks, porosity, discontinuities, and gaps
are known as a determining factor on the corrosion behavior of MMCs, may be resulted in localized
corrosion and galvanic coupling between the matrix and the reinforcement [32,33,53,54]. Based on the
results, a clean and compatible interface was obtained for MMC samples resulted from the chemical
reaction. Also, the corrosion results did not suggest any localized corrosion and galvanic coupling
between the matrix and the reinforcement. Thus, the same EEC was used for both untreated groups that
consider a native oxide film was formed on the surface of the samples exposed to PBS solution without
any discontinuities on the matrix/reinforcement interface. As can be seen in Table 8.2, both Alloy and
MMC samples showed similar Eocp, E(i=0y, ipass and Qo values, but the MMC presented higher R,
values suggesting better corrosion resistance, which is in accordance with its higher |Z|—. and higher
phase angles at middle and lower frequency. Also, since surface heterogeneities influence the n values,
lower n,, values obtained for Alloy points higher surface heterogeneities resulted from its porosity as
observed in Fig. 8.1a. This better corrosion behavior of MMC may be explained by the contribution of the
TiNos reinforcing phase acting as inert physical barrier, similar to several MMC systems reported in the

literature [55].

It is well reported that MAO treatment improves the corrosion behavior of Ti and its alloys
[34,35,56,57]. Both bio-functionalized groups presented significantly higher £o and E(;—y, and lower
ipass Values compared to the untreated groups indicating their lower tendency to corrosion and corrosion
rate in PBS solution. Regarding EIS, the same EEC had proposed before by some of the present authors
to fit the results of MAO treated cp-Ti under the same conditions [35,46]. According to the EEC
parameters given in Table 8.2, there was no significant difference between Q and n values of both bio-
functionalized groups. The observed lower n values of bio-functionalized groups compared to the n,,
may be due to increased roughness and heterogeneities. The bio-functionalized groups presented similar
n values except for n,r, that might be due to chemical heterogeneities on barrier film formed on

MAO-MMC sample. The lower Qg values compared with their Qq/2qu results from the higher

thickness of the pores walls, since the thickness is inversely proportional to capacitance. Also, the Qp

219



values of bio-functionalized groups were lower than the Q,, values of untreated groups suggesting

improvement of corrosion behavior with MAO treatment.

8.4.3. Tribocorrosion behavior

The suggested tribocorrosion mechanisms are schematically illustrated in Fig. 8.5. The observed
larger and unstable COF values with severe wear damage of Alloy resulted in higher wear volume loss
revealed a dominantly adhesive wear mechanism as also evidenced on gross transfer of the substrate to
the counter material slid against Alloy (Fig. 8.4j). Also, the parallel grooves on wear track of Alloy
suggested abrasive wear mechanism, which can be explained by the ploughing action of the transferred
material on the counter body. Similar dominant abrasive/adhesive mechanisms were reported for

different (3 type Ti alloys under different testing conditions [8,10,11,58,59].

Similar wear mechanism was also observed for MMC, but with less visible wear damage and
drastically lower wear volume loss, mainly due to the load-carrying effect of harder reinforcement phase,
together with the contribution of the indirect strengthening resulted in the drastically increased hardness.
Moreover, the formation of a tribolayer may also play a role for lower wear volume loss (Fig. 8.5g). The
formation of tribolayer particularly observed on the reinforcement phase that may be explained by its the
higher hardness, since, as reported by Cvijovic-Alagi¢ et a/. [8], the harder material is able to hold a
thicker oxide layer more uniformly as compared to a softer material. Likewise, 3-Ti matrix does not have
sufficient ability to hold an oxide patch during sliding due to its low plastic shear resistance [9]. As can
be seen from Fig. 8.4, while MMC presented lower overall COF values, it presented relatively similar OCP
and COF evolution up to around 750 s. After that time, the gradual increment on the OCP and decrement
on the COF, followed by a relatively stable behavior suggested formation of a tribolyer. As observed in
Fig. 8.5g, this tribolayer was in a discontinuous form. Also, this tribolayer might got thicker with sliding
time, and due to its physical protection role, it may cause a local increment on OCP values. However,
after reaching a certain thickness, it might be swept away by the counter body. Therefore, the repetitive
thickening and breaking of this tribolayer can induce the decrements and increments both in OCP and
COF values. Similar mechanisms were reported by Silva et a/. [33] for Ti-TiB-TiN. hybrid composite on
reciprocating sliding under 1 N of normal load and 1 Hz of frequency in 9 g/l NaCl solution, where a

continuous and compacted tribolayer played a dominant role on the wear mechanism.

Bio-functionalization drastically improved the tribocorrosion behavior of both alloy and MMC as
evidenced by nobler OCP values, lower and more stable COF values, and less visible damage on the

surfaces. The tribocorrosion mechanisms of the MAO layers formed on cp-Ti (grade 2) already reported
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in the literature [34,36,64]. Oliveira et al. [34] studied a MAO layer composed of an amorphous outer
layer followed by a gradient rutile to anatase structure formed due to a very high cooling rate during MAO
treatment. As soon as sliding started, this amorphous layer easily worn out due to high contact pressure
resulted from its high surface roughness. The rutile-anatase crystalline barrier layer played a main
protective role against wear due to better mechanical behavior of the crystalline phases, especially the
higher hardness of the rutile phase [36]. The observed irregular shape of wear track in the case of
MAO-Alloy was due to the detachment of the outer porous layer during sliding. While small local damages
of the MAO layer were observed on the worn surface of the Alloy, as can be seen more clearly in
Fig. 8.4p, a partially damaged MAO layer was still survived against the counter body. In the case of
MAO-MMC samples, since they presented relatively less damage of the MAO layer, most of the wear
track composed of unaffected (intact) surfaces and/or smashed outer MAO layer. The better wear
behavior of MAO-MMC samples compared to the MAO-Alloy samples may be explained by the pillar effect
of the TiNos reinforcing phases under the TiO. MAO surface. The MAO layer formed on hard TiNo: phase
seems to carry efficiently the applied load, and thus its wear track presented less overall damage

(Fig. 8.4q).

This is a novel consept for the bio-functionalization of 3 type Ti alloy matrix composites through
MAOQ treatment for load-bearing implants. Although the MAO-MMC group presented promising behavior
under the studied conditions, several studies need to be performed such as a detailed mechanical
characterization (especially Young's modulus), the investigation of corrosion, and tribocorrosion behavior
in more complex electrolytes, and finally the analysis of biological behavior /n vifro and /n vivo. Finally, in
order to minimize the increase on Young's modulus after the addition of TiN particles, instead of bulk

MMCs, functionally graded metal matrix composite concept can be considered.
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Fig. 8.5. Schematic illustrations of tribocorrosion mechanisms for a) Alloy, b) MMC, c) MAO-Alloy, and
d) MAO-MMC samples.
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8.5. Conclusion

The B type Ti-25Nb-5Fe alloy was reinforced with 5 vol% TiN particles and both alloy and
composites were bio-functionalized with incorporation Ca and P through MAO treatment. The Alloy and
MMC showed similar corrosion behavior and their corrosion behavior was significantly improved by the
bio-functionalization treatment, mostly due to the formation of thicker oxide layer compared to their
passive film. While the tribocorrosion behavior of Alloy improved with TiN reinforcement resulted from
drastically improved hardness and microstructure, it was further improved by the bio-functionalization
treatment due to obtaining a thick rutile-anatase TiO. layer. The MAO layer formed on the composites

stayed mostly intact after tribocorrosion due to the pillar effect given by the reinforcements.
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Abstract

A novel multi-functional material was developed by hard TiN particle reinforcement addition to
B-type Ti40Nb alloy, followed by surface functionalization, yielding with the formation of a nanotubular
layer. Corrosion and tribocorrosion behavior were investigated in a PBS solution at body temperature.
Results revealed that the TiN reinforcement did not jeopardize the corrosion behavior and drastically
improved tribocorrosion resistance of Ti40Nb alloy as a consequence of the load-carrying effect given by
the reinforcement phases. The corrosion and tribocorrosion behavior was further improved through
surface functionalization due to the formation of a well-adhered anatase-rutile TiO-based nanotubular

layer.

Keywords: Metal matrix composites, B-type Ti alloys, Nanotubes, Corrosion, Tribocorrosion
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9.1. Introduction

Many new biocompatible Ti alloys were developed in the last decade to replace the Ti6Al4V alloy
that is the most used Ti alloy for orthopedic applications. One reason was the clinical concern about V
and Al, which were replaced with alloying elements such as Ta, Nb, Mo, or Zr that show better
cytocompatibility [1,2]. Another concern is about higher Young's modulus of Ti and Ti6Al4V alloy
(100-120 GPa) compared to Young's modulus of bone (varies in a range of 4-30 GPa) [3,4]. This
mismatch leads to aseptic loosening of load-bearing implants due to bone resorption (known as a stress-
shielding phenomenon) [5]. While newly developed biocompatible B-type Ti alloys have shown lower
Young's modulus to reduce the stress-shielding effect, recently, their poor wear resistance has been
reported in the literature [6-10]. Wear debris are generated in load-bearing implants due to poor wear
resistance of Ti and its alloys, leading to implant loosening, as well, osteolysis [11]. In order to overcome
the poor wear resistance of Ti and its alloys, hard coatings such as TiN, TiC, TiB, and TiAIN have been
widely studied in the literature [12-19]. Among them, TiN has been the most proposed one due to its
excellent corrosion and tribocorrosion resistance, and good biocompatibility [20-23]. Nevertheless, the
inherent brittleness and low fracture toughness of monolithic hard coatings are still a major concern for

load-bearing applications [23,24].

Metal matrix composites (MMCs) have been well-studied due to their potential to provide tailored
mechanical properties such as high hardness, strength, and fracture toughness, compared to their matrix
materials [24-26]. TiN particle reinforced Ti and its alloys have been processed by different techniques
such as powder metallurgy, mechanical alloying and spark plasma sintering, and their mechanical,
microstructural, and wear behavior were investigated. Romero et al. [27] studied the mechanical behavior
of TiN reinforced Ti processed by conventional powder metallurgy route and reported a significant
increase of hardness for composites due to good dispersion of the particles in the matrix and grain
refinement. Falodun ef a/. [28] investigated the effect of spark plasma sintering parameters on the
microstructure of TiN reinforced Ti6Al4V alloy and it was reported that the composite sintered for 30 min
showed a significantly higher hardness and fracture toughness. Kundu ef a/. [29] reported that wear
resistance of TibAI4V was improved with TiN reinforcement by direct laser sintering method due to a
uniform dispersion and good metallurgical bonding of TiN particles in the matrix. According to the
corrosion behavior of MMCs, localized corrosion is often observed in ex-situ MMCs due to the formation
of discontinuities, defects, and gaps at the matrix/reinforcement interface [30,31]. Toptan ef a/ [26]
studied the corrosion and tribocorrosion behavior of Ti-B:C composite in 9 g/I NaCl solution and reported

increased corrosion kinetics resulted from localized corrosion due to the formation of high porosity around
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B.C particles. Since the discontinuities at the interface are typically eliminated in the in-situ composites,
localized corrosion that mainly resulted from these discontinuities has been minimized [32]. Accordingly,
Silva et al [32] demonstrated that the “clean”, defect-free interface between the matrix and
reinforcement of the hybrid in-situ Ti-TiB-TiN. composite did not present any deterioration on the corrosion
behavior while significantly improving the tribocorrosion behavior under 1 N normal load in 9 g/I NaCl

solution.

In addition to the abovementioned issues, another common clinical concern is the bioinertness
of Ti and its alloys, leading to poor osteointegration of implants. The surface topography and
characteristics of the metallic implant surface has a significant influence on the biological response [33].
One of the most proposed surface modification in the literature to improve the biological response is the
development of a nanotubular layer on Ti and its alloys [34,35]. The chemical composition of the
nanotubular layer on Ti alloys is composed of the mixture of the oxides of the alloying elements, where
mixed nanotubular structures have been reported to exhibit better biological response compared to
single-phase structures due to a better surface stability [36—40]. Ding et a/. [41] reported better bioactivity
for mesenchymal stem cell adhesion and spreading on mixed nanotubular layer (TiO-based; TNT) formed
on Ti35Nb compared to single-phase TNT grown on Ti. Regarding corrosion behavior, Fatichi ef a/. [42]
studied the corrosion behavior of the TNT surface on -type Ti35Nb4Zr alloy in 9 g/I NaCl solution and
reported that TNT surfaces exhibited higher corrosion resistance than the untreated Ti due to a thicker
barrier layer supplied by the TNT layer. On the other hand, there are limited number of studies in literature
about the tribocorrosion or wear behavior of TNT formed on B-type Ti alloys. Luz et a/. [43] reported that

the TNT formed on Ti35Nb presented a significant increase of wear resistance in dry sliding condition.

One of the most studied B-type Ti alloys for load-bearing implants is Ti40Nb mainly due to its
low Young's modulus and excellent biological response [6,44-46]. However, as previously reported by
some of the present authors [6,10], TidONb alloy presented significantly lower tribocorrosion resistance
compared to Ti6AI4V in a simple physiological solution. In order to overcome on the poor tribocorrosion
behavior of B-type Ti4ONb alloy, the present authors previously reported a low-cost and facile promising
method through TNT formation resulted in drastically increased adhesion strength to substrate [47].
Accordingly, as a following study, the present work aimed to develop a novel multi-functional hybrid
material not only to overcome the poor tribocorrosion behavior of the 3-type Ti4ONb alloy but also give

the first insight on surface functionalization through TNT formation to improve its biological response.
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9.2. Materials and methods

9.2.1. Materials and sample preparation

The raw commercial TiH. powder (GfE, Ds< 63 pm) and Nb powder (Sat-Nano, Ds: 18 pum) were
used to obtain Ti40Nb alloy (composition in wt%). The Ti40Nb alloy reinforced with 5% vol. of TiN powder
(Sigma-Aldrich, Ds: 1-5 pm) for obtaining Ti4ONb-TiN composite. A planetary wet milling was used to
prepare mixtures of samples under 150 rpm for 2 h in isopropanol together with a ball-powder ratio of
10:1 in weight. Afterwards, a rotary evaporator was used to dry the powder mixtures. The dried mixtures
were pressed under a pressure of 700 MPa to form green compacts (cylindrical billets 10 mm in diameter
and 4 mm in height), then subsequently sintered under a high vacuum (10® mbar) at 1450 °C
temperature for 4 h holding time. The Ti4O0Nb alloy and its composite were labeled as Alloy and MMC,
respectively. All characterizations, TNT layer formation, and tribocorrosion tests were employed on mirror-
finished surfaces by grounded down to 2400 mesh SiC papers followed by polishing with silica colloidal
suspension (Buehler, 0.02 pum), except for corrosion studies performed on the surfaces grounded down
to 1200 mesh SiC papers. After the samples were cleaned by an ultrasonic bath in propanol and distilled
water for 10 min and 5 min and dried with warm air, respectively, the samples were kept in a desiccator

for 24 h before starting each test.

9.2.2. Nanotubular layer formation

The nanotubular layer was obtained by anodic treatment using a two-electrode electrochemical
cell set up with samples (having an exposed area of 1.1 cm?) and a Pt sheet (having an exposed area of
5.3 cm?) as the working and counter electrodes, respectively. The distance between electrodes was kept
constant as 8 cm, and the electrolyte was continually stirred at 500 rpm. A DC power supply (Agilent
Technologies N5772A) and multimeter (Agilent Technologies 34410A) was connected to an
electrochemical cell for the anodic treatments. Two-step anodic treatment and heat treatment was used
to improve the adhesion and stability of nanotubes. The first anodic treatment was carried out in an
aqueous solution of 1.0 M HsPQ. (orthophosphoric acid, Fluka, = %85) and 0.8 wt% NaF (Panreac, %99)
as 180 ml volume of electrolyte, at a constant voltage of 20 V for 1 h. The second step anodic treatment
was performed in a fluoride-free electrolyte of 1.0 M HsPO. (orthophosphoric acid, Fluka, = %85) under
constant 20 V for 5 min on nanotubes formed surfaces to create an additional oxide layer in
nanotubes/substrate interface. After the second anodic treatment, the samples were rinsed with

propanol and distilled water. Then, a heat treatment was carried out at 500 *C for 3 h with a heating and
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cooling rate of 5 *C/min. The nanotubes formed Alloy and MMC samples were labeled as NT-Alloy and

NT-MMC, respectively

9.2.3. Corrosion and tribocorrosion tests

The open-circuit potential (OCP), electrochemical impedance spectroscopy (EIS), and
potentiodynamic polarization tests were performed in a 180 ml PBS solution (0.2 g/I KCI,
0.24 g/1 KH.PO., 8 g/l NaCl, 1.44 g/| Na.HPQ.) at 37 °C on 0.38 cm? of the exposed area to evaluate
the corrosion behavior. The conventional three-electrode electrochemical cell was used with a counter
electrode (CE) of Pt net, a reference electrode (RE) of saturated Ag/AgCl, and samples as a working
electrode (WE), connected to a Potentiostat/Galvanostat/ZRA (Gamry Reference-600+). After stabilization
at OCP (AE<60 mV/h), EIS was performed at OCP with AC potential amplitude of 10 mV at frequencies
between 102 Hz and 10° Hz. The results were fitted with proposed electrical equivalent circuits (EECs)
using gamry Echem Analyst (7.05 version) software. After EIS, a potentiodynamic polarization scan was

carried out starting at —0.25 Vo and up to 1.5 Vasa in @anodic direction with a scan rate of 0.5 mV/s.

The tribocorrosion behavior of samples was investigated at OCP with a tribometer
(CETR-UMT-2) of pin-on-plate reciprocating sliding configuration. A two-electrode set-up was connected
to a Potentiostat/Galvanostat/ZRA (Gamry Reference-600), using a reference electrode (RE) of saturated
Ag/AgCl, and the samples were placed as WE against an alumina ball (10 mm in diameter, Ceratec).
The tests were carried out under a normal load of 0.5 N during 2 h with a frequency of 1 Hz and an
amplitude of 2 mm. Sliding motion started after the stabilization of OCP (AE<60 mV/h, min. 2 h), then

the counter material was removed and OCP was recorded for 30 min.

All corrosion and tribocorrosion tests were at least triplicated on three different samples and all

results were presented as the arithmetic mean + standard deviation.

9.2.4. Characterization

The microstructure of untreated alloy and composite was analyzed by optical microscope (OM,
Leica-DM2500) after etching in Kroll's reagent (%3 HF + %6 HNO; + %91 H.0), the grain size was
measured using the linear intercept method. Surface morphology of untreated samples (FEI Quanta 650),
nanotubes formed samples, and wear tracks was analyzed by secondary electron (SE) and backscattered
electron (BSE) mode of scanning electron microscopy (SEM) equipped with energy dispersive
spectroscopy (EDS) for elemental analysis (FEI Nova 200). The volume fraction of each phase in the

MMC sample was calculated by image analysis using ImageJ 1.51j8 software. The density of the
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processed samples was measured by the Archimedes method, while the Vickers macro-hardness was
studied by using Officine Galileo Mod. D200 tester by a mean of 10 indentations performed randomly
per 3 different samples with a load of 15 kgf during 15 s. The electron backscattering diffraction (EBSD)
coupled with the EDS-SEM (FEI Quanta 400) operating at 15 kV was used in order to evaluate the Kikuchi
patterns of each phase in the MMC sample. In order to analyze the cross-section of NT layers, samples
were broken by a three-point bending set up (Instron 8874), where the distance between the two parallel
supports was 10 mm and the indenter was driven down to the specimens at a speed of 8.33 x 10 m/s.
The structural characterization was employed by X-ray diffraction (XRD, Bruker D8 Discover
diffractometer) scanning from an angle of (26) 20° to 80° with a 0.02°/s step size. Surface wettability
was assessed by contact angle measurements through a sessile drop method using an optical
tensiometer (dataphysics, OCA 15 plus). A 5 ul droplet of ultra-pure water was dropped on the surface
of the samples and the contact angle was considered after 10 s at room temperature. Three different
samples per group were analyzed and the drop image was recorded by using a video camera. The wear
track profiles and total wear volume loss was evaluated by 3D profilometry (Profilm3D) over the three

different samples.

9.3. Results

The SE and BSE-SEM images together with the insert OM microstructure images of as-processed
Alloy and MMC samples are shown in Fig. 9.1. While Alloy presented single-phase (Fig. 9.1a), MMC
sample showed three distinct phases (Figs. 9.1b and c). As can be seen from the higher magnification
BSE image and insert EDS results in Fig. 9.1c, the bright zones correspond to the matrix and both darker
regions depict the reinforcement phases with 24.6% total volume fraction, while the relatively darker
region presents the higher concentration of N. The microstructure of MMC reveals the distribution of
reinforcement mainly along grain boundaries. Furthermore, as can be seen from Figs. 9.1a and b, MMC
clearly showed a smaller grain size compared to Alloy. Also, MMC presented lower porosity compared to
Alloy, as in accordance with the relative density values, and significantly higher hardness values

(Table 9.1).
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Fig. 9.1. SE, BSE, and OM (insert images) microstructure images of (a) Alloy, (b) MMC samples, and
(c) higher magnification BSE image of MMC with EDS analysis results.

Table 9.1. Relative density and hardness values of Alloy and MMC.

Sample Relative density (%) Hardness (HV)
Alloy 93.4+1.6 208 + 20
MMC 976+ 1.6 362 + 30

EBSD technique was used to identify the phases in the MMC sample (Fig. 9.2). Three distinct
regions were clearly observed from the tilted BSE SEM image (Fig. 9.2a). The Kikuchi pattern and its
index for matrix (Z1 zone) presented body-centered cubic (bcc) B phase (ICCD 00-044-1288) as shown
in Fig. 9.2b. 72 regions show a hexagonal closed-packed (hcp) TiNo: phase (ICCD 00-041-1352) as given
its Kikuchi patterns and index in Fig. 9.2c. Finally, Z3 regions included line-like features that were
associated with the face-centered cubic (fcc) NbTiN. phases (ICCD 01-089-5134), where its Kikuchi

patterns and index presented in Fig. 9.2d.
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Fig. 9.2. (a) BSE image for three phases and corresponding EBSD Kikuchi patterns for (b) bcc B Ti
matrix, (c) hcp TiNo: phase, and (d) fcc NbTiN. phase with their index.

Fig. 9.3 shows the top view and cross-section SEM images of TNT formed samples together with
the XRD pattern of untreated and treated samples. As can be seen from the top view and cross-section
SEM images, a uniform and well-aligned TNT layer formed on NT-Alloy and matrix of NT-MMC sample.
On the other hand, a nanostructure formation was obtained on reinforcement phases as given in
Fig. 9.3f. According to cross-section analysis, both TNT layers were well embedded in the additional oxide
layer, without any evidence of hollow space or gap between nanotubes and substrate. Table 9.2 shows
the inner diameter (0) and length (£, of nanotubes. The nanotubes formed on NT-Alloy presented larger
D-and smaller L, compared to ones formed on the matrix of the NT-MMC sample. The XRD results depict

a single 3 phase (ICCD 00-044-1288) of Alloy and a mixture of the 8 phase, TiNos (ICCD 00-041-1352),
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and NbTiN. phases (ICCD 01-089-5134) of MMC sample, which are in agreement with microstructure
and EBSD results. Also, both TNT formed samples showed additional anatase (ICCD 00-021-1272) and
rutile (ICCD 01-070-7347) crystalline phases.
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Fig. 9.3. Lower and higher magnification top view, cross-section view SEM images of NT layers, and

XRD of untreated and NT formed samples.
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Table 9.2. Inner diameter (D) and length (L) of nanotubes formed on NT-Alloy and NT-MMC samples.

Sample D (nm) L. um)
NT-Alloy 95.9+11.6 1.52 + 0.03
NT-MMC 779+ 128 2.12 £ 0.07

The wettability of surface is one of the most crucial parameter for early stage of implantation
resulted in rejection or integration of implant materials [48]. Hence, the wettability was evaluated by
contact angle measurements, where the contact angle values of the MMC (57 + 4°) sample was lower
than the values of Alloy (79 + 6°) (Fig. 9.4). While the TNT formed samples presented drastically lower
contact angle values than their untreated ones, the contact angle values of NT-Alloy (12 + 4°) were lower

than the values of NT-MMC (21 + 2°).
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Fig. 9.4. Contact angle values and representative drop images of untreated and TNT formed samples.

Representative potentiodynamic polarization curves of samples in PBS solution are presented in
Fig. 9.5a and extracted corrosion potential (£:-,) and passivation current density (/. taken at 0.5 V for
all groups/ values together with the average OCP (£oer) of the last 10 min are given in Table 9.3. While
both untreated samples showed a well-defined passivation plateau, the current density of TNT formed
samples were tended to increase slightly at the passive region. As can be seen from Table 9.3, the MMC
sample presented similar £oer, £i-0 and lower /. values compared to Alloy. Also, both samples presented

drastically higher £arand £ values, as well as lower /. values compared to their substrates.
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Table 9.3. Corrosion potential (£:-0) and passivation current density (/) values obtained from

potentiodynamic polarization curves together with the average Foce (Viene/ values at last 10 min of OCP.

Sample Eoer (Viensa)) Ero Vaeneo) fass (UA.CITP?)
Alloy —0.28 £ 0.02 —0.20 £ 0.04 4.80 +0.34
MMC —0.26 £ 0.05 —0.19+0.02 413 +0.16
NT-Alloy —0.02 £ 0.06 - 0.12 £ 0.05 0.28 £ 0.22
NT-MMC 0.25 + 0.06 0.15+0.05 0.01 £0.01

Representative Nyquist and Bode diagrams of EIS results are shown in Fig. 9.5 together with the
proposed EECs. It can be observed from Fig. 9.5b (Nyquist diagram) that the NT-MMC sample showed
drastically larger diameter of incomplete semi-circle depicting higher corrosion resistance compared to
other groups. Similar behavior can be observed on the total modulus of impedance values (|Z]) in the
Bode diagram (Fig. 9.5c), where TNT formed groups presented higher the |Z| values than their untreated
groups. It is also worth pointing out on the inserted graph of the Nyquist diagram, the TNT formed
samples showed smaller semicircles diameter than their bare samples at the high-frequency range.
Regarding the phase angle values on Fig. 9.5d, the values of all samples were near 0° at high
frequencies, where corresponding constant |Z| values were observed in Fig. 9.5¢, indicating a typical
response of electrolyte resistance. One time constant recorded for both untreated groups, and samples
presented similar phase angle values approached close to —90° at middle frequencies range. According
to TNT formed samples, at least two times constant observed at middle and low frequencies range, where

NT-MMC samples exhibited clearly higher values.

In order to deduce quantitative values from EIS experimental data, the EECs as given in
Figs. 9.5e and f were used to fit for untreated groups and TNT formed groups, respectively. Similar EECs
were proposed in the literature for untreated and TNT formed Ti and its alloys [6,49-51]. The quality of
fitting was evaluated by the goodness of fitting values below10~%, which indicates a good fitting to the
proposed EECs. The physical significance of the EEC given in Fig. 9.5e assumes that the Alloy and MMC
samples consist of a compact layer formation on substrate. In the case of TNT formed samples, the
proposed model assumes that the nanotubes consist of a porous outer layer, a barrier-like inner layer
(bottom of tubes), and an additional oxide layer at the interface (formed by second step anodic treatment
and heat treatment) as illustrated in Fig. 9.5f. While both TNT formed groups has additional oxide layer

at interface presented the same physical meaning, it corresponds to different nature formed through heat
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treatment and combination of second-step anodic treatment and heat treatment as also previously
discussed elsewhere [47]. The R,, R,,, and @,, corresponds to electrolyte resistance, resistance of
passive oxide layer, and capacitance of oxide layer. The R, represents the additional resistance of
electrolyte inside the pores. The Ry,; and R,; element corresponds to the resistance of the barrier layers
and additional oxide layer, respectively. The @, @p; and Qg; element corresponds to a constant phase
element (CPE) of the porous layers, barrier layers, and additional oxide layer, respectively. The CPE was
used instead of the ideal capacitor due to surface heterogeneities resulted from surface impurities and
roughness. The impedance of CPE is defined as Z-pr = [Y, (jw)™]™1, where Y, is the CPE constant,
J is the imaginary number, w is the angular frequency, and n is the fractional exponent in the
—1<n<1range. When n = —1,0 and 1, the CPE depicts an inductor, resistor, and a pure
capacitor, respectively. The obtained EECs simulation parameters are presented in Table 9.4. As can be
seen, with consideration of standard deviation, both untreated samples presented similar R, and lower
Q, Vvalues. Regarding the TNT formed samples, NT-MMC sample presented higher R and lower Q
values compared to NT-Alloy suggesting better protection for NT-MMC, which agree with potentiodynamic

polarization results.
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R,: Electrolyte resistance

R ,: Resistance of oxide passive film
R : Additional electrolyte resistance
R, Barrier layer resistance

R_: Additional oxide layer resistance
Q_,: CPE of the passive oxide film
Q,: CPE of the porous layer

Q, : CPE of the barrier layer

Q,: CPE of the additional oxide layer

Fig. 9.5. Corrosion results: (a) Representative potentiodynamic polarization curves; representative EIS
results in (b) Nyquist diagram, (c) Bode diagram of impedance, and (d) Bode diagram of phase angle;

EECs for (e) untreated groups and (f) TNT formed groups.
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Table 9.4. EECs parameters obtained from the simulation of EIS data.

Parameters Alloy MMC NT-Alloy NT-MMC

Ro (MQ cm2 0.15+0.02 0.28+0.14 - -

Qx (x10* F cm= sm) 5.14+0.51 4.89+0.12

Rs (MQ crwy) - - 0.15+0.05 0.31 £0.09

Qu (X105 S scm?) - - 0.27 £ 0.03 0.27 £ 0.01

Qu (X105 S scm?) - - 17.28 +0.57 467 +2.35

Ra (MQ cmp) - - 3.20 £ 1.45 134.80 +91.48
Qu (x10+ S s"cm?) - - 15.82 +10.37 0.24+0.01

The wear morphologies analyzed by SEM images are given in Fig. 9.6. A drastically larger wear
track width was obtained on Alloy, where parallel sliding grooves and oxide patches were observed.
Similarly, parallel sliding grooves were observed on the matrix of the MMC sample, together with
reinforcing phases surrounded by compacted denser oxide patches. As shown in insert images, the
reinforced regions were smooth and free from grooves. Regarding TNT formed samples, while NT-MMC

demonstrated smaller wear track width, both samples were free from visible abrasion grooves.

Since no detectable wear volume loss obtained for the TNT formed samples, only the
representative 2D and 3D wear track profiles (taken from the border) are presented in Figs. 9.6e and f
together with the measured total wear volume loss for untreated groups. Alloy presented drastically
deeper and larger wear track as in agreement with the wear damage observed on the SEM images. As
can be seen from 2D and 3D profiles, MMC sample presented clearly rougher wear track (Alloy had
R=95 + 4 nm; MMC had R.=143 + 7 nm, measured along sliding direction). Regarding average total

wear volume loss values, Alloy presented almost 15 times higher values.

The OCP evaluation was monitored before, during, and after sliding and it is shown in Fig. 9.6g,
together with the evaluation of the coefficient of friction (COF). As soon as sliding started, both untreated
samples presented a sharp decrease to ~—0.7 V due to mechanical damage given to the native passive
oxide film. Afterward, while MMC rapidly regained its potential close to —0.3 V, Alloy showed large OCP
oscillations for 20 min then regained its potential around —0.3 V. After that point, abrupt decrements
were observed on OCP of both samples during sliding, that was more evident on Alloy. When unloaded,

the OCP values immediately increased to the values recorded before sliding because of the repassivation
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of the worn area [6]. Regarding both TNT formed samples, after a very small (around 0.05 V) gradual
decrease on OCP values recorded on the onset of sliding, relatively stable values were observed during
sliding and after sliding, the potential values were increased close to the initial values. Additionally, the
NT-MMC sample presented slightly higher OCP values during sliding compared to NT-Alloy as
—0.01 + 0.06 V and —0.06 + 0.06 V, respectively.

Concerning the COF evaluation, both untreated samples presented two different stages. At initial
stage, the recorded COF values tended to gradually decrease, where their OCP were tended to increase
up to around —0.3 V, after that relatively fewer oscillations and a slight tendency to increase were
observed during sliding. While Alloy showed higher COF values at the initial stage, MMC presented higher
values at the second stage. Also, the observed abrupt decrements on OCP of both untreated samples
were accompanied by the decrements on their COF values. In the case of both TNT formed samples,
lower COF evaluations were observed where NT-MMC presented the lowest COF values (0.46 + 0.05 for

NT-Alloy and 0.42 + 0.01 for NT-MMC).
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Fig. 9.6. Representative SE and BSE images of wear tracks for a) Alloy, b) MMC, c¢) NT-Alloy, and
d) NT-MMC samples; representative 2D and 3D (taken from the border) wear track images for (e) Alloy
and (f) MMC samples, together with their total wear volume loss values; (g) representative evolution of

OCP and COF.
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9.4. Discussion

9.4.1. Reinforcement and functionalization

The EBSD and XRD results indicated that the MMC composed of 8 Ti-Nb matrix, hcp TiNes and
fcc NbTiN: reinforcement phases resulted from the in-situ reaction of TiH., Nb, and TiN powders. As can
be observed from the microstructure images, the composites were homogenous and compact, with no
evidence of cracks, gaps, and interfacial impurities suggesting good interfacial bonding between the
phases [52-55]. The hardness of Alloy was increased from 208 + 20 HVis to 362 + 30 HVis with
reinforcement, which also may be explained by good bonding of reinforcement phases resulting from
thermodynamic compatibility and being free of contamination at the matrix/reinforcement interface [56].
However, since the porosity was higher for Alloy, it may diminish their mechanical properties such as
fracture toughness and ultimate tensile strength [57]. Moreover, the observed line-like structures in the
NbTiN: phase correspond to twining formation that might be resulted from interruption or change in the

lattice parameters during formation or growth and stress formation on new crystal structure [58].

Nanotubular structures on -Ti alloys have been reported to stimulate rapid cell proliferation and
osteoblast differentiation as well as to accelerate osteointegration, facilitate the transport of nutrients and
bone ingrowth [59,60]. The wettability of implants is also a crucial factor in their osteoconductivity
because it influences the adsorption of cell-attached proteins onto the surface, where hydrophilic surfaces
are more prone to improve osteointegration rate [48]. While MMC presented a lower contact angle among
untreated samples, the hydrophilicity of both samples significantly increased with TNT formation. Also,
increase on surface roughness and formation of anatase-rutile phases with TNT morphology may provide
better osteointegration [61,62]. Among TNT formed samples, the nanotubes formed on NT-MMC sample
presented smaller O and longer L.values, which may have positive influence on its bioactivity considering
the study of Park ef a/. [63] reported that the smaller D showed a better biological response, and Tsuchiya
et al. [64] indicated that the longer L. layers were more efficient for hydroxyapatite formation.
Nevertheless, the NT-MMC sample had discontinuities on the TNT layer since this layer did not cover the
reinforcing phases where, instead, a nanostructured morphology was observed. Thus, /n vitroand in vivo
biological studies need to be performed on NT-MMC sample to clarify the biological response of these

complex hybrid surfaces.

9.4.2. Corrosion behavior
The corrosion behavior of particulate reinforced MMCs is mainly determined by impurities, gaps,

and defects at the matrix/reinforcement interface leading to localized corrosion [65,66]. The
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discontinuities at the interface are eliminated in the in-situ composites minimizing the risk of localized
corrosion. As can be seen from the potentiodynamic polarization curves and EIS results, no evidence of
localized corrosion was observed on MMC since in-situ chemical reactions resulted in smooth and good
chemical bonding of reinforcement phases. Therefore, the same EEC was proposed for both untreated
groups, which correspond to a formation of passive oxide film on sample surfaces contacted with PBS
electrolyte, as considered in the literature for different passive metals [67-71]. Overall, the TiN
reinforcement did not jeopardize the corrosion behavior of Alloy, reflected by similar electrochemical

response.

Corrosion behavior of various B-type Ti alloys has been improved through the nanotubular
formation by anodic treatment mainly due to formation of a thicker oxide layer resulted in a better physical
barrier as compared to native passive oxide layer [42,72,73]. As can be seen from Table 9.3, NT-Alloy

presented higher Eycp and one order of magnitude lower i, values compared to the values of Alloy,

suggesting significantly lower corrosion tendency and corrosion rate in PBS solution for NT-Alloy. Same
improvement can be observed by higher R; values of NT-Alloy than the R,,,, values of the Alloy resulted
in significantly improved its corrosion resistance. According to potentiodynamic polarization curves,
lowest corrosion tendency and corrosion rate was observed on NT-MMC sample. Although the additional
oxide layer between substrate and TNT layer plays the main protective role [47], NT-MMC sample
presented drastically higher R; values and lower Q; values indicating higher corrosion resistance and
better quality of oxide layer, respectively, which might be linked with the nanostructured reinforcement
phases. Besides, the slight increase trend on the passive current density of NT-MMC sample on the
potentiodynamic polarization curves might be associated with the oxidation of reinforcement phases,
considering that the increase on the passive current density for monolithic TiN coating due to oxidation
of TiN phases have already been reported in the literature [12,18,74]. Since the corrosion behaviors of
bare samples were similar, the improved corrosion resistance observed on TNT formed MMC may be
attributed to its hybrid oxide surface. Nevertheless, the electrochemical behavior of the nanostructured

TiNes and NbTiN. phases needs to be well-understood by using micro-electrochemical techniques.

9.4.3. Tribocorrosion behavior

The tribocorrosion behavior of B-type Ti alloy was significantly influenced by the reinforcement
and TNT formation, as can be seen by microstructural and profilometric analysis of the worn surfaces.
The worn surface morphology of Alloy was observed to agree with the B-type Ti literature [6,10], including

parallel sliding grooves and oxide patches on wear tracks. The wear resistance of Alloy was significantly
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improved by TiN reinforcement as observed by lower total wear volume loss values mainly due to load-
carrying effect of the reinforcement phases. Furthermore, the oxidized patches may provide limited
protection against wear and corrosion as observed by the increase of OCP during sliding. When the
thickening of these oxidized patches reached a critical point, they might be removed, thus decrements
were recorded on the OCP values, as also reported in literature [18,32]. Regarding COF of the untreated
samples, the higher COF values of Alloy at the initial stage may be attributed to its dominant adhesive
wear mechanism resulted from higher contact area between metallic substrate and counter body [6].
Accordingly, the tendency of the COF values to decrease might be due to the formation of oxide patches
consequently decreasing the metallic contact area [75]. At the second stage, COF values of both samples
tended to increase due to the presence of freely moving third body particles at the sliding contact region
[75] where the values of MMC was higher than the values of Alloy probably due to harder wear debris

with the presence of hard reinforcing phases [32].

Taking consideration of wear track microstructure and OCP evolution, instead of fully
detachments, as in accordance with the previous study [47], a gradual delamination occurred from top
to bottom resulted in smashing and densification of tubes on the wear tracks. This dense compact oxide
layer probably contributed to the decrease of COF values. Compared to the previous study [47] the sliding
duration was increased from 0.5 h to 2 h in order to observe better the durability strength of the formed
oxide layer. Although the wear volume loss of TNT formed samples was not measurable, NT-MMC
samples presented smaller wear track width, lower COF and higher OCP values suggesting relatively

better tribocorrosion behavior.

9.5. Conclusion

Ti4ONb-TiN composites were developed and bio-functionalized through the formation of
nanotubular surfaces. Tests in simulated body environment showed that TiN reinforcement did not
jeopardize the corrosion behavior of Ti4ONb alloy thanks to its uniform microstructure and the defect-
free matrix/reinforcement interface. The tribocorrosion resistance drastically improved with
reinforcement as a consequence of the load-carrying effect given by the reinforcement phases. The
functionalization through TNT formation improved the tribocorrosion behavior due to well adhered and
wear resistant anatase-rutile nanotubular layer. Compared to Alloy, TNT formation yielded with improved
corrosion and tribocorrosion behavior on MMC due to presence of nanostructured reinforcement phases.
Therefore, based on these results, bio-functionalized 3 type Ti matrix composites appear as an alternative

material for load-bearing implant applications.
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Abstract

Ti and its alloys have attracted attention for biomedical applications, but their low tribocorrosion
resistance, lack of bioactivity and antimicrobial properties are still major clinical concerns. In this study
a Zn0 coating, intended to act as an antibacterial agent, was deposited on a Ti-12Nb alloy, which was
previously coated with a TiN hard coating, for improving tribocorrosion resistance. The idea behind is the
proof-of -concept that ZnO is able to provide interesting tribological properties to the surface, thus
inspiring new ZnO-containing surfaces that can combine antimicrobial properties and tribocorrosion
resistance. Thus, the corrosion behaviour was studied by open circuit potential, electrochemical

impedance spectroscopy, and potentiodynamic polarization tests in phosphate buffered solution at body
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temperature. The tribocorrosion behaviour was employed at open circuit potential under 0.5 N of normal
load, 1 Hz frequency, during 3600 s sliding in phosphate buffered solution at body temperature. The
results indicated that duplex coating sample showed better corrosion resistance and drastically better

tribocorrosion resistance compared to uncoated and single TiN coating samples.
Keywords: ZnO; TiN; Biofunctionalization; Corrosion; Tribocorrosion

10.1. Introduction

Ti and its alloys have been widely used for different biomedical applications due to their
combination of unique properties. However, some maijor clinical concerns still exist for load bearing
implants such as their low tribocorrosion resistance, lack of bioactivity, and risk of infection. In order to
overcome low tribocorrosion resistance, hard coatings are one of the most proposed method mainly due
to their excellent wear resistance. Among hard coatings, TiN has been presented good corrosion
behaviour, tribocorrosion resistance, and biocompatibility [1]. The improvement of corrosion resistance
with TiN coating have been reported for different Ti-based materials such as pure Ti [2,3], Ti-6Al-4V [4,5],
Ti-6Al-7/Nb [6,7], and Ti-25Ta-25Nb alloy [8]. Although wear behaviour significantly depends on
tribological conditions, as general, the wear resistance of various Ti-based materials improved through
TiN coating [9-14]. Regarding biocompatibility, Samanta et al. [15] studied tribological behaviour and
biocompatibility of plasma nitrided Ti-6Al-4V alloy, and reported a drastically better wear resistance in
simulated body fluid (SBF) together with better viability and proliferation of mouse embryonic fibroblast
cells for nitrided sample. Also, Huang et al. [16] reported higher osteoblast-like cell adhesion onto TiN

coated sample as compared to uncoated Ti.

The lack of bioactivity for Ti and its alloys is mainly due to their bioinert surface. Several surface
bio-functionalization techniques have been proposed to overcome their lack of bioactivity through
incorporated bioactive agents in metal oxide film such as micro-arc oxidation, hydroxyapatite coatings,
nanotubular surfaces, and immobilization of bio-functional molecules [1]. Among these metal oxide
coatings, zinc oxide (ZnO) suggests excellent proliferation and differentiation of osteoblast cells, and
particularly it has gained attention to improve antibacterial activity [17-21]. Moreover, Zn is a vital main
element found in the human bone and plays an extremely important role in physiological activities such
as DNA synthesis, enzymatic activity, and biomineralization [22]. Although ZnO-incorporated coatings
have been well explored for different industrial applications, the corrosion and tribocorrosion behaviour
of ZnO film is rarely investigated. Ding et al. [20] studied the corrosion and antibacterial behaviour of

Zn0 doped tantalum oxide on Ti-6Al-4V alloy and reported better corrosion resistance and antibacterial
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behaviour for the doped sample compared to the uncoated and undoped tantalum oxide coating samples.
Song et al. [23] studied the tribological behaviour of ZnO doped polyurethane and reported significantly
lower wear rate compared to the unreinforced polyurethane composite. Mbamara et al. [24] investigated
the wear behaviour of nitrogen doped ZnO film deposited on 304 L stainless steel via metal organic
chemical vapor deposition (MOCVD) method and reported that the crystallinity and thickness of coatings
drastically influenced the wear resistance. Also, the ZnO film has strong ability to terminate its surface
by hydroxyl groups, allowing further bio-functionalization through biomolecules such as carboxylic acids,
esters, acid chlorides and other self-assembled monolayers [25]. Trino et al. [26] deposited ZnO films by
sol-gel method onto Ti (grade 4) and functionalized with 3-(4aminophenyl)propionic acid (APPA),
3-aminopropyltrimetoxysilane (APTMS), 3-mercaptopropionic acid (MPA), and polyethylene glycol (PEG)
organic bifunctional molecules and reported the corrosion behaviour improvement with surface

functionalization.

Ti-6Al-4V alloy is one of the most employed implant materials and commercially available in
market mainly due to its good mechanical strength and corrosion resistance. However, its high Young's
modulus causes bone resorption and the concerns about the toxicity of its alloying elements are leading
to the investigation of alternative materials. Recently, some of the present authors studied a non-toxic
and promising Ti-12Nb alloy [27]. Although it presented lower Young's modulus, its tribocorrosion
resistance and bioactivity needs to be further improved. Therefore, Ti-12Nb alloy was first coated with
TiN hard coating, and then ZnO coating, in a way to develop new ZnO-containing surfaces that can
combine antimicrobial properties and tribocorrosion resistance. As a first step to design such
multi-functional hybrid material, the present work aimed to investigate its corrosion and tribocorrosion

behaviour in phosphate buffered solution at body temperature.

10.2. Materials and methods

10.2.1. Materials and sample preparation
The raw materials used to produce cast Ti-12Nb alloy were Ti (99.7% purity, Sandinox Biometais,
Brazil) and Nb (99.8 % purity, Brazilian Metallurgy and Mining Company). The raw metals were arc melted
together to form an ingot. The ingot was re-melted five times and then it was submitted to a hot-rolling

treatment carried out at 900 °C (complete details of the processing are given elsewhere [27]).

Before TiN coating, substrate was grinded with SiC paper down to 1500 mesh size and polished

with alumina (1 pum) and colloidal silica (0.04 um) by using an automatic polishing machine (Arotec,
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Aropol2V). After polishing, samples were ultrasonically cleaned for 10 min in propanol followed by

cleaning in distilled water for 5 min.

TiN hard thin films were deposited on the Ti-12Nb substrate by Radio Frequency (RF) sputtering
technique (13.6 MHz power supply). A pure (99.999%) Ti target and an atmosphere composed of Ar and
N. (both 99.9999% pure) were used on depositions. The residual pressures were below 10-¢ Torr and
target surface was sputtered in a pure argon plasma to avoid the surface impurities, before the TiN film
deposition. A resistance heater was used to keep the substrate temperature at 400 °C. All TiN films were
deposited under 240 W RF power, 40 sccm (standard cubic centimetres per minute) Ar and 10 sccm N.

flows, at constant total pressure of 5x10-= Torr, during 80 min, and labelled as TiN/Ti-12Nb.

TiN/Ti-12Nb sample surface was functionalized through the ZnO coating by employing a similar
method to that of Trino et al. [26]. Firstly, the ZnO resin precursor was obtained by a modified sol-gel
method as dissolving 72.05 g citric acid in 200 ml deionized water, and subsequently, 15.00 ml nitric
acid was added to the mixture with 10.17 g zinc oxide (ZnO:citric acid molar ratio as 1:3). Then, the
obtained solution heated to 90 °C during 15 min. Then, ethylene glycol was added to the solution
considering the mass ratio 60:40 ratio between the citric acid and ethylene glycol, respectively.
Afterwards, the temperature of plate was increased to 150 °C under magnetic stirring until reaching
100 ml solution. Subsequently, the solution was diluted in a ratio of 5:3 of deionized water and
Zn0 resin, respectively. The ZnO deposition was employed by three sequential spin coating (2000 rpm,
60 s) steps using 60 ul of ZnO solution for each step. After each coating, the samples were heated for
5 min on a hot plate at 70 °C. After all, an annealing heat treatment with two steps was performed:
150 °C during 2 h followed by 300 °C during 10 min at 1 °C/min heating and colling rates. After this
procedure, samples were labelled as ZnO/TiN/Ti-12Nb.

10.2.2. Corrosion and tribocorrosion tests

Corrosion behaviour was accessed by means of open circuit potential (OCP), electrochemical
impedance spectroscopy (EIS), and potentiodynamic polarization in phosphate buffer solution (PBS;
0.2 g/I KClI, 0.24 g/1 KH.PO., 8 g/I NaCl, 1.44 g/| Na.HPO.) at body temperature (37 °C) using Gamry
Potentiostat/Galvanostat/ZRA (Reference 600+). The samples were kept as a working electrode (WE)
with an exposed area of 0.2 cm? whereas a Pt and saturated calomel electrode (SCE) were used as
counter (CE) and reference electrode (RE), respectively. Before EIS measurements, OCP was stabilized
till AE was below 60 mVh-. EIS were performed at OCP by scanning a range of frequencies from 10 to

10° Hz with 7 points per frequency decade where the amplitude of the sinusoidal waveform was set as
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10 mV. After the EIS measurements, potentiodynamic polarization measurements were carried out with

0.5 mV/s scan rate, starting at —0.25 V vs. OCP and moving in the anodic direction up to 1.0 VSCE.

Tribocorrosion behaviour was evaluated by using a pin-on-plate reciprocating sliding configuration
at OCP condition using PBS solution at body temperature with 0.4 cmz exposed area against a hard and
inert alumina ball (10 mm diameter, Ceratec). The samples were used as WE, a SCE was used as the
RE connected to a Gamry Potentiostat/ Galvanostat/ZRA (Reference 600). Tribological parameters were
chosen as 1 Hz frequency, 2 mm of amplitude, 3600 s sliding time, and 0.5 N normal load using a
tribometer (CETR-UMT-2) coupled to the UMT test viewer software to monitor the coefficient of friction
(COF). All tests were repeated at least three times in order to assure the reproducibility and the results

were presented as the arithmetic mean + standard deviation.

10.2.3. Characterizations

The morphological characterization of the thin films was employed by SEM using FEI Nova 200
field emission gun scanning electron microscope (FEG-SEM) equipped with energy dispersive X-Ray
spectroscopy (EDS). The crystalline structure of the samples was analysed using X-ray diffraction (XRD,
Bruker D8 Discover diffractometer equipped with a Cu-Ka radiation (A = 0.1544 nm) at 40 kV and
20 mA, scanned from angle (20) 20° to 65° with a 0.02°/s step size. Surface wettability was assessed
by contact angle measurements through sessile drop method using an optical tensiometer (dataphysics,
OCA 15 plus). A 5 pl droplet of pure water was dropped on the surface of the samples and the contact
angle was considered at room temperature. A video camera recorded for capture drop image over three

different samples per group.

Nanoindentation studies were performed to obtain nano hardness data as well as information on
samples Young's modulus (Micro Materials NanoTest). 8 indentations were made on different locations
using a depth-controlled test as maximum depth of 120 nm, 0.2 m N/s loading/unloading rate, and 5 s
dwell time was employed to obtain the nanoindentation data. Vickers microhardness was also employed
to obtain the overall hardness of samples using Emcotest Durascan tester by 10 indentations performed
randomly per 3 different samples with a load of 4.90 N (0.5 kgf). The ZnO/TiN coating sample was
bended by three-point bending set up in order to analyze the cross-section of the coating layers. Adhesion
of the coatings was evaluated by the scratch tests. The scratch tests were performed by Revetest scratch
tester (CSM instruments) with 200 um tip radius diamond conical Rockwell C indenter with 90° angle

(perpendicular to samples surface) under progressively increasing load mode from 0.9 Nto 15 N on a
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2 mm scratch line with a speed of 1 mm/min. Scratch scars on coating surfaces were analyzed by

optical microscope (Leica, DM2500).

After each tribocorrosion test, samples were cleaned by immersing in propanol and distilled
water, respectively. The wear tracks and worn counter body surfaces were characterized by secondary
electron (SE) and backscattered electron (BSE) mode of SEM using FEI Nova 200 FEG-SEM equipped
with EDS. The wear track profiles and the average surface roughness (R.) were obtained by a 3D

profilometry (Profilm3D).

10.3. Results and discussion

10.3.1. Physical and structural properties

The SEM micrographs, EDS spectra, XRD pattern and surface wettability of sample surfaces are
given in Fig. 10.1. The nanohardness, microhardness, and Young's modulus of samples are given in
Table 10.1. The uniform surface morphologies for all groups can be seen on SEM images. Also, the
surface roughness increased with TiN and ZnO film deposition, as it also can be seen on Table 10.1,
which is expected to increase osteoblast-like cell adhesion [28]. The microstructure of cast Ti-12Nb alloy
was reported elsewhere [27], which composed of lamellar a + 3 phase as presented on its XRD pattern
given in Fig. 10.1e.

According to the XRD analysis of coated samples, presented in Fig. 10.1e, the TiN/Ti-12Nb
presented a face-centered cubic (fcc) TiN phase (ICDD 03-065-5759) peaks, while only the most intense
(111) peak of TiN coating and (101) peak of hexagonal (hcp) ZnO (ICDD 00-005-0664) was detected for
Zn0/TiN/Ti-12Nb sample addition to substrate peaks. In order to achieve complete oxidation of ZnO and
complete crystallization of the films, generally, heat treatment at higher temperatures are needed [26].
The main aim for applying relatively lower annealing temperature in this study was to avoid any possible
defect formation in TiN film and also between substrate and TiN film. From the EDS results, it can be
seen that only Zn, Ti, O and Nb, besides to C, probably on surface, were detected. The Nb detection, and
part of the Ti, were due to the substrate, considering the long depth profile provided by the technique.

Wettability has been well established in the initial interaction of implants and aqueous biological
ecosystem, as well as protein adsorption, cell-material contact, attachment and spreading [29]. Among
samples, although all samples presented hydrophilic behaviour, TiN (69 + 6 °) coated sample showed
the highest and ZnO (24 + 1 °) coated samples depicted the lowest contact angle. The lower contact
angle values of ZnO/TiN/Ti-12Nb can be explained by its rougher surface and also their higher oxygen
content which led to higher hydrogen bonding [29].
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Fig. 10.1. Physical characterization: SEM images of (a) Ti-12Nb, (b) TiN/Ti-12Nb,
(c) ZnO/TiN/Ti-12Nb, (d) EDS spectra, (e) XRD patterns, and (f) contact angle values.

Mechanical properties are another key factor for load-bearing implant materials. The
TiN/Ti-12Nb sample presented higher nanohardness and Young's modulus compared to Ti-12Nb alloy
which is attributed to the formation of hard TiN phases. As expected, ZnO film depicted drastically lower
nanohardness and Young's modulus. However, the ZnO/TiN/Ti-12Nb presented significantly higher
microhardness values compared to the other samples, that may be explained by the heat treatment

resulted in improvement of hardness of TiN layer and substrate possibly resulted from alterations in their

microstructure.

Table 10.1. Hardness, Young's modulus, and Ra values.

Sample Nano Young's Micro Average surface
hardness Modulus (GPa) hardness roughness-Ra
(GPa) (HV:s) (nm)

Ti-12Nb 36+0.3 96.9+59 246 + 16 15.2+0.3

TiN/Ti-12Nb 6.8+0.3 131.8+7.0 332+7 89.1+0.1

ZnO/TiN/Ti-12Nb 05+0.1 136+1.2 444 + 17 110.0+0.4

The SEM cross-section image and micro scratch test results of coatings are shown in Fig. 10.2.

A continuous and uniform double layer of coatings can be seen clearly in Fig. 10.2a, where the thickness
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of TiN and ZnO film was approximately 1 pm and 650 nm, respectively. Regarding the scratch test
results, the acoustic emission signal and frictional force versus applied load together with optical
microscopy images of scratch scars are presented in Figs. 10.2b and c. As marked on graphs, both
samples were failed at very similar loads, which were 6.4 + 0.4 N and 5.8 + 0.8 N for TiN/Ti-12Nb and
Zn0O/TiN/Ti-12Nb sample, respectively. Slight decrement on average adhesion strength with relatively
higher standard deviation for ZnO/TiN/Ti-12Nb sample may be explained by the mismatches of the
coefficient of thermal expansion (CTE) between TiN and substrate, which led to excessive stresses at

interface resulted from applied heat treatment [20].
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Fig. 10.2. The cross-section SEM image of (a) ZnO/TiN/Ti-12Nb sample, and scratch test results of
(b) TiN/Ti-12Nb and (c) ZnO/TiN/Ti-12Nb samples.

10.3.2. Corrosion behaviour

Corrosion behaviour of an implant is one of the main factors that determine its service period.
Lower corrosion resistance can lead to release of incompatible metal ions, that can cause infections
around implants [30]. The results of the corrosion tests and the proposed electrical equivalent circuits
(EECs) are given in Fig. 10.3; the Eor, extracted potentiodynamic polarization parameters, and
electrochemical parameters obtained from the proposed EECs are shown in Table 10.2 and Table 10.3,
respectively. Both coating samples presented drastically higher Eor, Eio and lower /. (taken at 0.5 V)
values compared to the uncoated sample pointing their lower tendency to corrosion and corrosion rate,
respectively. While Ti-12Nb sample showed a well-defined passivation plateau, both coatings presented
progressive increase of current density in the passive region, that can be explained by oxidation of coating

surfaces as reported for oxidation of TiN phases [14,31].

Regarding the EIS results, both coating samples presented larger diameter of semi-circle in
Nyquist diagram (Fig. 10.2b) compared to the uncoated substrate indicating their better corrosion
resistance as in agreement with the potentiodynamic polarization results. In case of Bode diagram given

in Fig. 10.3c, the constant values of |Z| and near to 0° of phase angle at high frequency range are the
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response of electrolyte resistance. At the middle frequency range, the phase angle of all samples
decreased near 90° suggesting capacitive behaviour of formed film on their surfaces. Since the phase
angle of the substrate and TiN coated samples was slightly increased at low frequency range,
Zn0O/TiN/Ti-12Nb sample remained relatively constant owing to better quality of the coating. The
improvement on corrosion behaviour of substrate can be observed by EECs simulated data in Table 10.3,
where the R: and Q: represents resistance and constant phase element (CPE) of passive oxide film, TiN
coating, ZnO coating on substrate, TiN/Ti-12Nb, and ZnO/TiN/Ti12Nb samples, respectively. The R. and
Q: correspond to resistance and CPE of TiN layer for ZnO/TiN/Ti-12Nb sample. TiN/Ti-12Nb sample
presented higher resistance (R.) and lower CPE (Q.) values than the values of the substrate, indicating
improvement of corrosion resistance with TiN coating. TiN coatings are commonly used to increase the
corrosion resistance of metallic biomaterials as well, as also similar improvement has been reported for
TiN coated on Ti [2,14], Ti-6Al-4 V [5], Ti-6Al-7Nb [7], Ti-35Nb-7Zr-5Ta [13], and Ti-25Ta-25Nb alloy [8].
Regarding ZnO/TiN/Ti-12Nb sample, two series RQ circuits are proposed, where the first one represents
(RiQ:) ZnO coating and the second one (R:Q:) represents TiN coating on substrate. According to the
simulated data, lower R: value and higher Q. of ZnO/TiN/Ti-12Nb sample indicating drastically lower
corrosion resistance of ZnO layer. The observed lower n: value for ZnO/TiN/Ti-12Nb sample may be
explained by its surface roughness, where the n value is associated with surface heterogeneities and
roughness [32]. The obtained higher R: and n: values indicate better protective resistance of TiN layer on
Zn0O/TiN/Ti-12Nb sample, which may be attributed to the closure of the surface irregularities by ZnO
resin precursor through spin coating and also, the heat treatment of ZnO/TiN/Ti-12Nb sample may
induce morphological alterations on TiN layer. Overall, since R: and R are serial connected, the total
resistance of ZnO/TiN/Ti-12Nb sample is defined as Ri+R., which is significantly higher than the

resistance of other samples suggesting better corrosion resistance.
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Fig. 10.3. Corrosion behaviour: (a) Representative potentiodynamic polarization curves, (b) Nyquist

diagram, (c) Bode diagram, and EECs for (d) Ti-12Nb and TiN/Ti-12Nb, and (e) ZnO/TiN/Ti-12Nb.

Table 10.2. Corrosion potential (£:0) and passivation current density (/) for for Ti-12Nb, TiN/Ti-12Nb
and ZnO/TiN/Ti-12Nb samples.

Sample Eocr (Vsce) Ero (Vsce) fsss (MA.CTY)
Ti-12Nb —0.48 + 0.01 —0.47 £ 0.01 1.11 + 0.08
TiN/Ti-12Nb 0.02 + 0.02 —0.04 £ 0.01 0.12 + 0.02
ZnO/TiN-12Nb —-0.01 £ 0.02 -0.11 +0.03 0.15+0.01

Table 10.3. Electrochemical parameters obtained from the proposed EECs.

Parameters Ti-12Nb TiN/Ti-12Nb ZnO/TiN-12Nb
Ri (x10s Q.cm?) 377 +068  7.67 +1.54 0.91+0.11
Q: (x10+=S s'cm) 1.8+0.2 1.4+0.2 6.3+0.9

M 091+0.01 091=+0.01 0.75+0.05
R: (x10¢ Q.crm?) - — 15.3+2.7
Q: (x10+S s'cm) - — 1.5+£04
N - - 0.95 +0.02

10.3.3. Tribocorrosion behaviour
The load-bearing implants such as hip implant are subjected to tribocorrosion phenomena, which
is described as material degradation resulted from the interaction between a mechanical load and

corrosive media in tribological contact [33]. Tribocorrosion behaviour was studied at OCP condition that
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is closer to simulation of a real implant system, and the results are given in Fig. 10.4. As can be seen
from OCP-COF evolution graph, as soon as sliding started the OCP of Ti-12Nb suddenly dropped from
—0.44 + 0.03 V to —0.90 + 0.03 V due to depassivation of wear track resulted from mechanical
destruction of the formed passive film. Subsequently, the OCP slightly tended to increase, while its COF
was around 0.4 until 10 mins of sliding. Afterwards, the COF and OCP of Ti-12Nb sample was increased
to around 0.63 + 0.02 and 0.48 + 0.03 V, respectively, possibly due to formation of oxide patches in
wear track giving a limited protection against corrosion [27,34]. These oxide formations can be clearly
observed on SEM wear track images and also evidenced by detected oxygen element on its EDS spectra.
While the oxide patches are giving a limited protection against corrosion and wear, they can detach after
reaching a critical point resulted from getting thicker during sliding, as can be seen by observed local
decrements on COF and OCP evolution. Immediately after sliding, the OCP increased close to the values
before sliding due to repassivation of the worn area.

Regarding TiN coated sample, when sliding started the OCP was gradually decreased from
0.09 + 0.04 V to —0.46 + 0.01 V and then a sharp decrement observed on COF and OCP possibly
resulted from local destruction of coating. As pointed on OCP graph, probably the TiN coating was totally
removed roughly after 10 mins of sliding resulted in sharp drop of OCP values to the similar OCP values
of substrate under sliding. Afterwards, compared to Ti-12Nb, relatively more and larger decrements were
observed on OCP and COF due to contribution of hard TiN wear debris in contact as reported for TiN
coated cp-Ti (grade 4) in NaCl solution under 1 N of normal load [14]. As can be seen on wear track
images, TiN coated sample showed deeper grooves and less oxide patch formation that may be explained
by the same manner, resulted from freely moved wear debris in contact which can act as extra abrasives
on sliding surfaces. As it can be seen in Fig. 10.4, counter body against TiN coating sample presented
more damage as compared to other groups due to hard TiN wear debris in tribological contact. Also, the
transferred material on counter body for Ti-12Nb and TiN coated sample can be observed.

In case of ZnO coated sample, as soon as sliding started, instead of a sharp drop observed on
the substrate or TiN coated sample, a gradual drop was recorded on OCP due to a progressive damage
given to the coating. After around 900 s, unlike other groups of samples, both OCP and COF exhibited a
relatively smoother evolution, that may be linked to the less overall damage given to the surface that can
also be observed on the wear track image, where no evidence of abrasion grooves was detected. Also,
higher amounts of N, Zn and O elements on its EDS spectra suggested that the coatings were not
removed from the wear track. Similar to the worn sample surface, the corresponding counter body

surface also presented a smoother surface as compared to other worn counter bodies. Zn0O, as showed
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by nanoindentation results, is a softer material, and smeared over contact region during sliding. Prasad
and Zabinski [35] reported that the ZnO thin film coated on stainless steel drastically improved the wear
resistance due to smearing of ZnO layer. Similarly, smearing of the ZnO film apparently played an
important role on obtaining much smaller wear volume losses compared to the other groups of samples,

as can be seen on their 3D wear track profiles and measured wear volume loss values given in Fig. 10.4.

270



Ti-12Nb TiN/Ti-12Nb ZnO/TiN/Ti-12Nb

——Ti-12Nb ——TiNITi-12Nb ——ZnOITiNITi-12Nb

| T,
o [ 1Nt RN

os Sliding 02 Siiding 5 Sliding

Coating
failure

w 08

w 08 w08

c ¥
o 1 !

‘B f

=

[) 2

>

) -

m 0.0+ 0.0 0.0
0 & 024 Eaz o 02
9 ': 0.4 P 04 % 0.4
a _W

194

o X T T T

Wear track images

Ti-12Nb Ti TiN/Ti-12Nb T ZnOITiN/Ti-12Nb Tij
Elements Wt % Elements Wt % Elements Wt %
o 8.82 N 0.00 N 3.71
Nb 11.86 o 8.71 o 13.56
Ti 79.32 Nb 11.16 Zn 4.03
Ti 80.13 Nb 8.72
Ti 69.97
A ¢ £ £
w 8 8 8

Wear scar images

10,1 ym 1.7 ym

(%]
- ;
5 ‘ ;
In- ~ 0.2 pm ¥ p 0,04m
X e £Lr
(%] . ;
© \ & i § K A—
- a0 & 50 ¥ 100
o s &0 80
© 40 40 ::
2w . o : o, :
Total wear volume loss = (2.77 + 0.76)x10°* mm? Total wear volume loss = (2.68 * 0.65)x10° mm? Total wear volume loss = (0.17 + 0.02)x10° mm?

Fig. 10.4. The OCP-COF evolutions, SE and BSE wear track images, OM wear scar images on counter
body, EDS spectra of wear tracks, and 3D wear track profiles taken at centre of Ti-12Nb, TiN/Ti-12Nb,
and ZnO/TiN/Ti-12Nb samples.

The proposed tribocorrosion mechanisms for tested samples are schematically presented in
Fig. 10.5. The uncoated and TiN coated samples showed dominantly combination of abrasive and

adhesive wear evidenced by parallel grooves, adhered oxidised patches and transferred material. Similar
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wear mechanism of Ti-12Nb was previously observed in 9 g/I NaCl solution under 1 N normal load [27].
The failure of TiN coating may be explained by its brittleness and surface defects such as pores and
cavities [31]. Also, the mismatch between Young's modulus of substrate (96.9 + 5.9) and TiN film
(131.8 + 7.0) may led to formation of cracks in hard TiN film under mechanical action. Totally different
wear behaviour was observed in the case of ZnO coated sample, where no evidence of grooves, oxide
patch, or significant amount of transferred material was observed probably due to the smearing of ZnO
film that possible played a barrier role against wear. Besides the smearing of ZnO film, the higher
microhardness of ZnO/TiN/Ti-12Nb sample is another reason for its better wear resistance behaviour.
Although this study showed that ZnO coatings can have a positive influence on the improvement
of tribocorrosion resistance of TiN hard-coated lower Young's modulus Ti alloys, failure mechanisms of
these coatings needs to be studied more in detail. Nevertheless, considering that the continuous release
Zn ions may be toxic to the human cells, the composition of such coatings need to be carefully adjusted

and their biological response should be investigated in vitro and in vivo.
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Fig. 10. 5. Schematic illustration of tribocorrosion mechanisms of uncoated Ti-12Nb (a), TiN/Ti-12Nb
(b), and ZnO/TiN/Ti-12Nb (c) samples.

10.4. Conclusion
TiN coating presented lower tendency to corrosion, lower corrosion rate, higher corrosion
resistance, and better capacitive behaviour compared to Ti-12Nb alloy due to nobler and thicker TiN layer
compared to passive film formed on Ti-12Nb alloy. However, TiN coating did not improve the
tribocorrosion resistance of Ti-12Nb alloy that was governed by failure of coating. The corrosion behaviour
was further improved by ZnO coating possibly due to closure of surface defects such as pores and cavities
on TiN film. ZnO coating also led to an improvement on the tribocorrosion resistance due to increased

microhardness and physical barrier role of the smeared of ZnO film.
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General discussion, conclusions and future works

11.1. General discussion

The three main clinical concerns for load-bearing implants were addressed in Chapter 1,
which were stress-shielding effect, low tribocorrosion resistance, and lack of bioactivity. Therefore,
the main aim of this project was developing a novel multifunctional material through bio-
functionalization of MMC and TiN thin film surfaces by using electrochemical treatment and PVD
treatment, respectively, with incorporation of bioactive agents such as calcium, phosphorus and
zinc oxide. Also, the investigation of degradation mechanisms of bio-functionalized hybrid surfaces
and TiN/ZnO coated surfaces were studied. A systematic and multidisciplinary approach was
carried out in order to reach these aims based on new scientific knowledge. The development of
this project from initial to final steps comprised with several independent works, which were

reported in different scientific papers.

Before surface functionalization, the degradation behavior of novel low Young’s modulus
B-type Ti alloys, which were selected to reduce stress shielding effect, have been investigated
through different corrosion and tribocorrosion conditions. The corrosion and tribocorrosion
behavior of o + B-type Ti-Nb and B-type Ti-Nb alloys were reported in three scientific papers from
Chapter 3 to Chapter 5. The Ti-12Nb alloy was processed to obtain a a + 3 alloy, while the
Ti-40Nb was studied to obtain fully B alloy. As it well known in literature, in order to fully diffuse
the Nb powders in Ti matrix, high temperatures are needed, leading some structural and
mechanical problems. Therefore, Ti-25Nb-5Fe alloy was processed with small addition of Fe, which
is one of the most effective (3 stabilizer element, presented fully dispersed alloying elements in Ti
matrix and also showed better corrosion and tribocorrosion behavior as compared to Ti-40Nb alloy
(Chapter 3). Regarding the cast alloys, the degradation behavior of Ti-15Nb and Ti-40Nb alloys, in
comparison with commercial Ti-6Al-4V, was studied by performing corrosion tests during prolonged
times of immersion, as well, by performing tribocorrosion tests against a hard and inert counter
material. While o + B-type alloy presented a comparable degradation behavior, B-type Ti-Nb alloy
showed drastically lower tribocorrosion resistance, mainly due to the low strain hardening behavior
of the [3 phase. Regarding to the processing route, which is reported in Chapter 5, Ti-12Nb alloy
processed by P/M presented slightly better degradation resistance resulted from its more uniform

and homogenous microstructure.
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The low tribocorrosion behavior of B-type Ti-Nb alloys was aimed to be improved by two
preliminary studies that reported in scientific research papers as showed in Chapter 6 and
Chapter 7. The tribocorrosion resistance of [3-type Ti-40Nb alloy was aimed to be improved by the
formation of an oxide nanotubular structure, however, it has been reported that the nanotubes
grown on Ti have significantly poor adhesion to the substrate. In Chapter 6, in order to overcome
the poor adhesion of the TNT layer to the bare metal, an additional anodic treatment was performed
in fluoride-free electrolyte after the formation of the nanotubes in the conventional fluoride-
containing electrolyte in order to form an additional oxide layer at the interface between the bare
metal and the nanotubes. Results showed that the adhesion, corrosion, and tribocorrosion behavior
of the nanotubular layer was drastically improved due to the formation of an additional oxide layer
in the interface, and a following heat treatment yielded with a crystalline transformation. In Chapter
7, a preliminary understanding to the influence of the deposition conditions on the corrosion and
tribocorrosion behavior of TiN thin films produced by RF sputtering on cp-Ti grade 4 was studied
in a 9 g/L NaCl solution at body temperature. Increased coating thickness and promotion of the
formation of Ti:N phase gave a resistance against abrasive wear, adhesive wear, and plastic

deformation, thus, led to obtain a clear improvement on the tribocorrosion resistance.

In order to overcome on the major limiting factors for non-toxic and low Young's modulus
B-type Ti alloys, a work aimed to develop a novel multi-functional material not only to improve the
tribocorrosion behavior of B-type Ti alloys, but also to improve their biological behavior. For this
reason, a B-type Ti-25Nb-5Fe alloy reinforced with hard TiN particles was bio-functionalized through
MAO treatment with incorporation of Ca and P (Chapter 8). Also, the corrosion and tribocorrosion
behavior of this novel material was investigated in physiological solution at body temperature.
Results revealed that although bio-functionalization drastically improved the corrosion and
tribocorosion behavior of the unreinforced and reinforced samples, the bio-functionalized reinforced
B-type alloy presented the best tribocorrosion behavior due to the load-carrying role of the hard
reinforcement phase. Similarly, the reinforced B-type Ti-40Nb alloy with hard TiN particles was
functionalized through TNT layer formation by anodic treatment, and its degradation behavior was
investigated by corrosion and tribocorrosion tests (Chapter 9). Results indicated that the corrosion
and tribocorrosion behavior of sample was significantly improved through surface functionalization

due to the formation of a well-adhered anatase-rutile TiO-based nanotubular layer.
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In Chapter 10, TiN and ZnO duplex coatings were employed onto cast Ti-12Nb alloy to
improve its tribocorrosion resistance and biological properties. While single TiN coating did not give
enough support against sliding most probably due to the mismatch between Young's modulus of
TiN and Ti-12Nb substrate, ZnO/TiN coating presented excellent wear resistance due to smeared

inorganic Zn0O layer.

11.2. Final conclusions
This thesis focused on the development of a novel multi-functional material to overcome
the major limiting factors for non-toxic and low Young’s modulus B-type Ti-Nb alloys to be used in

load-bearing biomedical applications. The following conclusions can be drawn:

% The a + B-type cast and P/M Ti-Nb alloys presented better corrosion and tribocorrosion
resistance than their both B-type Ti-Nb alloys. The better corrosion resistance of a + B-type alloys
evidenced by their higher resistance of the native oxide film and higher constant phase element
values compared to B-type alloys, the low tribocorrosion behavior of 3-type alloys was resulted from

poor strain hardening of B phase during sliding.
Bio-functionalization by anodic treatment:

«» TNT surfaces formed conventionally on Ti-40Nb alloy by anodic treatment presented poor
adhesion. The adhesion of nanotubes was improved drastically by a combined route, where a
second-step anodic treatment in fluoride-free electrolyte resulted in formation of an additional oxide
layer in the interface, and a following heat treatment yielded with a crystalline transformation. The
combination of formation of an additional oxide layer in the interface and heat treatment mainly
played a role in improving the corrosion behavior by preventing the formation of defects at the
interface thus blocking the penetration of electrolyte to the substrate.

¢+ The Ti-40Nb/TiN composites functionalized through TNT formation presented excellent
corrosion and tribocorrosion resistance due to the well adhered and wear resistant anatase-rutile
nanotubular layer. While both TNT-formed alloy and MMC showed relatively similar tribocorrosion
behavior mainly due to the protective behavior of the nanotubular layer, TNT formed MMC
presented significantly better corrosion resistance due to the contribution of nobler reinforcement
phases.

+» The Ti-25Nb-5Fe/TiN composite bio-functionalized with incorporation Ca and P through
MAQ treatment showed improved corrosion and tribocorrosion as compared to the bare alloy,

mostly due to the formation of a thick rutile-anatase TiO. layer. The MAO layer formed on the
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composites stayed mostly intact after tribocorrosion due to the pillar effect given by the
reinforcements.
Bio-functionalization by PVD coatings:

+¢+ TiN thin films produced by RF sputtering on Ti grade 4 can have a noticeable influence on
the tribocorrosion mechanisms. It was shown that longer deposition time led to lower corrosion
rate and led to obtain a clear improvement on the tribocorrosion resistance. Therefore, these
results pointed that deposition time should be carefully adjusted according to the contact conditions
of the targeted applications.

+¢ The TiN layer coating on Ti-12Nb alloy did not show good tribocorrosion resistance. Further
functionalization through Zn0O coating presented promising corrosion and tribocorrosion resistance
due to its nobler nature and physical barrier role of the smeared ZnO film in the contact region,

respectively.

Thus, from the results obtained during this PhD work, it can be concluded that developed
novel multi-functional material by hard TiN particle reinforcement following by bio-functionalization

of its surface can be considered as an implant material for load-bearing biomedical applications.

11.3. Future works
The novel-developed multi-functional materials are promising for load-bearing biomedical
applications. However, further improvements upon the current findings and proposed a topic may

bring new insights to the proposed system as follow:

+» Since the mechanical properties of load-bearing implants are crucial for a long-time lifespan
of implants, the mechanical behavior of developed novel materials, namely, their mechanical
strength, Young's modulus, fatigue properties, and fracture behavior need to be deeply investigated
by using compression tests, ultrasound technique, and nano-micro indentations.

+» The MMCs were processed as a bulk material that most probably may lead an increase in
Young's modulus of B-type Ti alloys. In order to avoid that possible increment, MMCs are suggested
to be processed as functionally graded metal matrix composites (FGMMCs) through a gradually
increased amount of hard reinforcement particles from core to the surface.

+» The degradation behavior of the developed materials has been investigated by different
corrosion and tribocorrosion tests in physiological solutions. However, the real environment of
implants is more complex. Therefore, it is suggested to study the corrosion and tribocorrosion tests

in electrolytes including proteins and micro-organisms. Also, the fretting tribocorrosion behavior of
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these materials should be employed, since some parts of hip implants are under micro and nano
motion during human moving.

+»» A multilayer hard coating can be employed instead of a single TiN coating to overcome the
mismatch between Young's modulus of the substrate and hard coatings. Also, the influence of
sustained release of Zn ions on degradation and anti-bacterial behavior needs to be employed by
using long-term immersion and cell culture tests, respectively.

< In vitro and /n vivo biological studies should be performed to evaluate the biological

performance of the novel materials.
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