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Abstract

Commercially available titanium (Ti) alloys, such as Ti-6A1-4V and c.p. Ti, even
though established in clinical use as load-bearing bone implant materials in ortho-
pedics and dentistry, possess significant drawbacks that may lead to implant failure:
i) presence of alloying elements with harmful health effects, ii) high Young’s modu-
lus (F > 100 GPa) compared to human cortical bone (Epope = 10 — 30 GPa), and
iii) lack of antibacterial activity against multidrug-resistant bacteria, which may
lead to implant-associated infections. To overcome the first two drawbacks, a new
generation of biocompatible metastable S-type Ti alloys has been developed, in par-
ticular S-type Ti—Nb alloys, which are versatile candidates due to their low Young’s
modulus, high strength-to-weight ratio and improved corrosion resistance.

The present work aims to tackle all three aforementioned issues by developing
novel [-type Ti—45Nb-based alloys with potential intrinsic antibacterial activity
by adding antibacterial gallium (Ga) and copper (Cu) in minor amounts (up to
8 wt.%) via metallurgical route. Nine alloys with the following chemical composi-
tions: (100-x)(Ti-45Nb)—=xGa, (100-x)(Ti-45Nb)—xCu (where x = 2, 4, 6, 8 wt.%),
and 96(Ti-45Nb)—2Ga—2Cu, based on alloy design approaches, were produced by
controlled casting and homogenization treatment. The effect of antibacterial al-
loying additions on phase constitution, mechanical characteristics, corrosion, and
tribocorrosion response in a simulated physiological environment has been inves-
tigated. All nine alloys in the homogenized state display a single-phase 5 (BCC)
phase microstructure, whose lattice parameter is proved to be sensitive to Ga and
Cu content, with an almost linear contraction. The mechanical characteristics are
strongly influenced by Ga and Cu addition, with a general strengthening effect
mainly attributed to substitutional solid solution strengthening, and to grain bound-
ary strengthening in case of Ga. Deformation behavior indicates high mechanical
stability of the 8 phase, suggesting dislocation slip as dominant deformation mech-
anism. The results demonstrate that strategic alloy design is an effective method
to significantly increase strength without adversely affecting the Young’s modulus,
which remains in the range of good biomechanical compatibility (E = 64 — 104 GPa).
Evaluation of the corrosion response and metal ion release in simulated physiological
environment demonstrates the high corrosion resistance of the nine alloys, whereas
tribocorrosion wear resistance increases upon Ga addition. Further thermal (aging)
treatments, carried out on a specific Cu-containing alloy, proved the feasibility of
tailoring enhanced mechanical, chemical and potentially antibacterial properties by
thermally-induced precipitation of Ti,Cu intermetallic compound.

These novel developed alloys are considered to be promising candidates for biomed-
ical bone implant applications.

vi



Kurzfassung

Kommerziell erhéltliche Titanlegierungen wie Ti—-6A1-4V und c.p. Ti haben sich
zwar in der klinischen Anwendung als lasttragende Knochenimplantate in der Or-
thopédie und Zahnmedizin etabliert, weisen jedoch erhebliche Nachteile auf, die zu
Implantatversagen fithren konnen: i) Vorhandensein gesundheitsschédlicher Legie-
rungselemente, ii) hoher Elastizitdtsmodul (£ > 100 GPa) im Vergleich zu mensch-
lichem Knochen (Eyone = 10 — 30 GPa), und iii) fehlende antibakterielle Akti-
vitdt gegen multiresistente Bakterien, die implantatbefogene Infektionen verursa-
chen kénnen. Um die beiden erstgenannten Nachteile zu beseitigen, wurde eine neue
Generation von biokompatiblen metastabilen Ti-Legierungen des S-Typs entwickelt,
insbesondere Ti-Nb-Legierungen des §-Typs, die aufgrund ihres niedrigen Elasti-
zitdtsmoduls, ihres hohen Festigkeit-Gewicht-Verhiltnisses und ihrer verbesserten
Korrosionsbesténdigkeit vielseitig einsetzbar sind.

Die vorliegende Arbeit zielt darauf ab, alle drei genannten Probleme durch die Ent-
wicklung neuartiger Legierungen auf Ti-45Nb-Basis mit potenzieller intrinsischer
antibakterieller Aktivitéit zu losen, indem auf metallurgischem Weg antibakteriel-
les Gallium (Ga) und Kupfer (Cu) in geringen Mengen (bis zu 8 Gew.%) hinzu-
gefiigt werden. Neun Legierungen mit den folgenden chemischen Zusammensetzun-
gen: (100-x)(Ti-45Nb)—xGa, (100-x)(Ti-45Nb)-xCu (mit x = 2, 4, 6, 8 Gew.%), und
96(Ti—45Nb)—2Ga—2Cu, basierend auf den Ansétzen des Legierungsdesigns, wurden
durch kontrolliertes Gussverfahren und Homogenisierungsbehandlung hergestellt.
Der Einfluss antibakterieller Legierungszusétze auf die Phasenzusammensetzung,
die mechanischen Eigenschaften, die Korrosion und das Tribokorrosionsverhalten in
einer simulierten physiologischen Umgebung wurde untersucht. Alle neun Legierun-
gen weisen im homogenisierten Zustand ein einphasiges 8 (BCC)-mikrostrukturelles
Gefiige auf, dessen Gitterparameter nachweislich empfindlich auf den Ga- und Cu-
Gehalt mit einer fast linearen Kontraktion antworten. Die mechanischen Eigenschaf-
ten werden durch die Zugabe von Ga und Cu stark beeinflusst, wobei ein allgemeiner
Verfestigungseffekt hauptséichlich auf die Substitutionsmischkristallverfestigung und
im Falle von Ga auf die Korngrenzenverfestigung zuriickzufiihren ist. Das Verfor-
mungsverhalten zeigt eine hohe mechanische Stabilitét der § Phase, was auf Verset-
zungsgleiten als den dominanten Verformungsmechanismus hindeutet. Die Ergeb-
nisse zeigen, dass strategisches Legierungsdesign eine wirksame Methode ist, um die
Festigkeit deutlich zu erhchen, ohne den Elastizitdtsmodul negativ zu beeinflussen,
der sich im Bereich guter biomechanischer Kompatibilitit befindet (E = 64 — 104
GPa). Die Bewertung des Korrosionsverhaltens und der Metallionenfreisetzung in
einer simulierten physiologischen Umgebung zeigt die hohe Korrosionsbesténdigkeit
der neun Legierungen, wiahrend die Tribokorrosions-Verschleififestigkeit durch die

vii



Abstract/Kurzfassung

Zugabe von Ga zunimmt. Weitere thermische (Auslagerungs-)Behandlungen, die an
einer spezifischen Cu-haltigen Legierungsprobe durchgefiihrt wurden, haben gezeigt,
dass es moglich ist, verbesserte mechanische, chemische und potenziell antibakteriel-
le Eigenschaften durch die thermisch induzierte Ausscheidung der intermetallischen
Ti,Cu Phase zu erzielen.

Diese neu entwickelten Legierungen gelten als vielversprechende Kandidaten fiir bio-
medizinische Knochenimplantatanwendungen.

viil



List of Symbols & Abbreviations

List of Symbols (1/2)

Symbol Explanation Unit
ag Lattice constant of the BCC g phase m

A Atomic mass amu
dgrain Average grain diameter m

Je Elastic energy MJ m™3
Ar, Average atomic radius difference m

=z Diameter m

e/a Electron-to-atom ratio (equal to 7,,) -

ET True strain -

€ Engineering strain -

€max Strain at fracture/maximum strain (engineering) -

€y Yield strain (engineering) -

E (EYS) Young’s modulus (determined by ultrasonic method) Pa
HVgq Vickers microhardness -

KUS Bulk modulus (determined by ultrasonic method) Pa

k Proportionality factor -

K Strength coefficient Pa

A X-ray wavelength m

Ly Gauge length of tensile specimens m

My Martensitic transformation temperature °C or K
v Poisson’s ratio -

n Hardening exponent -

p Density Kg m™
Ty Atomic radius m

So Cross section of tensile specimens m

oT True stress Pa

o Engineering stress Pa

gy COmPY Compressive yield strength (engineering) Pa

oy tens Tensile yield strength (engineering) Pa

ot Tensile fracture strength (engineering) Pa
ouUTS Ultimate tensile strength (engineering) Pa

T, T, Temperature, melting temperature ‘Cor K
Vi Longitudinal acoustic speed of sound waves m s!
Vr Transverse acoustic speed of sound waves m st
Z Atomic number -

X



List of Symbols & Abbreviations

List of Symbols (2/2)

Symbol Explanation Unit
A, Anode area m?

A, Cathode area m?

B, Tafel anodic constant V dec!
B, Tafel cathodic constant V dec!
D Wear depth m
Eocp Open circuit potential A%
E.omr Corrosion potential \%
Eyear Open circuit potential during sliding wear \%

F Faraday’s constant C mol!
Teze Excess current A

ifinal Current after sliding A

Twear Current during sliding A

Jeorr Corrosion current density A cm™
Jpass Passive current density A cm™
Mo Molecular mass g mol™!
Nog Charge number (equal to e/a) -

trub Sliding (or rubbing) time S
trepass Repassivation time constant S
Vehem Volume loss due to corrosion m?
Vinech Volume loss due to mechanical wear m?

Viot Total volume loss m?
Vwae Volume loss due to wear accelerated corrosion m?




List of Symbols & Abbreviations

List of Abbreviations

Abbreviation Explanation

o, o, a” HCP « phase, HCP («’) and orthorhombic () martensites
AC As-cast

Ag|AgCl Saturated silver chloride electrode

at.% Atomic percentage*

B BCC S phase

BCC Body centered cubic crystal structure

CE Counter electrode

CGHE Carrier gas hot extraction

COF Coefficient of friction

c.p. Ti Commercially pure (unalloyed) titanium

CT Computed tomography

DSC Differential scanning calorimetry

EAS Elastic admissible strain

EBSD Electron back scattering diffraction

EDX Energy dispersive X-ray spectroscopy

HCP Hexagonal close packed crystal structure

IAI (BAI) Implant- (biomaterial-)associated infections
ICP-MS Inductively coupled plasma - mass spectrometry
ICP-OES Inductively coupled plasma - optical emission spectroscopy
LOD Limit of detection

LOQ Limit of quantification

OCP Open circuit potential

W (Wath, Wiso)
PEG
PBS
PMMA
RE

RT
SCE
SEM
SHE
SIM
STQ
THR
TJR
TNTZ
TNZ
WE
XRD
wt.%

w phase (athermal, isothermal)
Polyethylene glycol

Phosphate-buffered saline

Polymethyl methacrylate

Reference electrode

Room temperature

Saturated calomel electrode

Scanning electron microscopy

Standard hydrogen electrode
Stress-induced martensitic transformation
Solution-treatment and water quenching
Total hip replacement

Total joint replacement
Ti-29Nb-13Ta-4.6Zr alloy (wt.%)
Ti—13Nb-13Zr alloy (wt.%)

Working electrode

X-ray diffraction

Weight percentage*

(* Explanation of the alloy nomenclature used in this work is reported in Appendix A)

X1



Chapter 1

Scope of the Thesis

1.1 Motivation: Failure of Bone Implants

The demand for bone-related implants is on the rise mainly due to the increasingly
aging population worldwide and growing needs for a better life quality. Implanted
biomaterials play a key role in the current success of orthopedic and dental proce-
dures. Metals are the material of choice for structural (load-bearing) medical devices
because of their excellent mechanical properties.

Among metallic biomaterials (stainless steel, Co—Cr alloys, precious metals), tita-
nium (Ti) and its alloys are generally preferred due to their superior biocompatibility
and corrosion resistance combined with low density and high specific strength [1].
However, clinically used Ti-based materials, such as commercially pure (c.p.) Ti
and Ti—6Al-4V alloy, still have some drawbacks that could lead to implant failure
[2]. They exhibit a higher Young’s modulus (E > 100) compared to human cortical
bone (Epone = 10 — 30 GPa). Large modulus mismatches cause insufficient loading
of bone adjacent to the implant, resulting in stress-shielding effects that cause tissue
loss and implant failure [3]. In addition, long-term studies have shown the develop-
ment of health disorders elicited by the release of metallic ions including aluminum
(e.g., neurodegenerative diseases) and vanadium (e.g., genetic damage) into the sur-
rounding tissues and bloodstream [4, 5]. Therefore, great research effort is currently
dedicated to the development of new titanium alloys with reduced elastic modulus
and improved biological properties. The current focus of metallic biomaterial re-
search is on S-type Ti alloys with no harmful alloying additions, which possess a
low elastic modulus and sufficient strength, making them ideal for implant applica-
tions. Of particular interest are -type Ti—Nb-based alloys, which exhibit Young’s
modulus values of 60 — 69 GPa, significantly lower than those of Ti-based implant
materials commonly used in clinical settings (i.e., c.p. Ti, Ti-6A1-4V) [6]. Another
leading cause of implant failure is biomaterial-associated infections (BAI) caused by
bacterial biofilms. These biofilms may form on the implant surface during surgery,
and are often resistant to the body’s immune response, making them difficult to
eradicate. This is particularly concerning because the bacteria growing in a biofilm
are extremely resistant to antibiotic treatment. If antibiotics are unsuccessful, the
final option to control the infection is revision surgery, which involves implant re-
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moval [7, 8]. Chronic implant-related bone infections are a serious burden on the
healthcare system, with high economic and social-associated costs. For instance,
for trauma-related bone reconstructions, the infection risk ranges from 10% to 50%,
depending on the fracture type [9]. Each year in the European Union alone, over 4
million patients acquire healthcare-associated infections, which cause around 37 000
deaths and cost 7 billion €/year [10]. Half of them are related to medical devices
and 80% of these are caused by bacterial biofilms.

Currently, attention is increasingly turning to the development of medical devices
which are ‘anti-infective’, ‘antibacterial’ or ‘antibiofilm’. | Since there is currently
no standard treatment for implant-/biomaterial-associated infections (IAI, BAI) and
since antibiotic treatments are controversial and ineffective for biofilms [7, 8], the
best infection control approach is to develop novel preventive measures which specif-
ically focus on the inhibition of both bacterial adhesion and biofilm formation, for
instance by acting on the implant material itself. Functionalizing metallic pros-
theses through innovative compositions or application of coatings can significantly
improve the success rate of bone replacement surgeries by preventing or limiting
infection-related inflammatory reactions, which can impede new bone formation
[11]. Therefore, in recent years, there has been increasing research attention to-
wards developing materials that render the surface of implants resistant to bacterial
biofilm contamination.

Within this thesis, novel Ti-based materials with potential antibacterial properties
are developed. Focus of the present research is set on the effect of antibacterial
gallium (Ga) and copper (Cu) metallurgical additions on the structural character-
istics, mechanical, and chemical properties of a [-type Ti-Nb alloy. The selec-
tion of the Ti-Nb alloy system was based on its significance as a prototype sys-
tem that serves as the basis for several alloy formulations relevant for bone im-
plants, distinguished by a low Young’s modulus. The starting composition was the
low-modulus Ti-45Nb (wt.%) alloy with a single-phase S microstructure. Small
amounts of the metallic elements Ga and/or Cu were added to it to produce novel
low-modulus (100-x)(Ti-45Nb)—xGa/Cu alloys (where x = 2, 4, 6, 8 wt.%). The
present Ph.D. work was conducted and financed in the framework of a European
project (Horizon 2020 - Marie Sklodowska-Curie Initial Training Network/ITN)
named BIOREMIA (BIOfilm-REsistant Materials for hard tissue Implant Appli-
cations). The ITN project aims to tackle the implant-related infections caused by
bacterial biofilms by proposing innovative material-based solutions with enhanced
antimicrobial functionality, that will result in improved biological acceptance of im-
plants for hard tissue applications (orthopedics and dentistry).

1.2 Objectives & Organization of the Thesis

Objectives

The overall goal of the present work is to develop novel -type Ti-based alloys for
antibacterial implant applications by investigating the effect of minor metallurgical
additions of Ga and Cu on the Ti-Nb alloys’ properties.



1.2. Objectives & Organization of the Thesis

The specific objectives of this study are:

» to produce chemically homogeneous bulk Ti-Nb-Ga/Cu alloys (with Ga/Cu
content up to 8 wt.%) by controlled casting;

» to characterize their microstructure in as-cast and homogenized state;

* to study how antibacterial Ga/Cu alloying additions impact the mechanical
behavior of the developed alloys;

* to investigate how antibacterial Ga/Cu additions affect corrosion and tribo-
corrosion resistance of the alloys in a simulated physiological environment;

» to study the possibility of creating antibacterial microstructures by aging heat
treatments and their impact on the alloys’ mechanical and chemical properties.

Organization of the Thesis

This dissertation consists of eight chapters as follows:
Chapter 1 opens the work with the objectives of the thesis and driving motivation.

Chapter 2 presents the theoretical background on structural implant materials
and their limitations, with focus on Ti-alloys and their mechanical, corrosion, and
tribocorrosion properties. It also includes a section about current trends in metallic
biomaterials with enhanced antibacterial functionality for reducing the infection
risks, required for understanding the research carried out in this thesis.

Chapter 3 presents the alloy synthesis routes, the experimental conditions, and the
characterization methods used throughout this work.

Chapters 4 through 7 present and discuss the results of this study.

Chapter 4 presents the microstructural characteristics and investigates the me-
chanical behavior of the novel Ga-/Cu-containing Ti-Nb alloys.

Chapters 5 & 6 contain the investigations conducted on the influence of the alloy-
ing elements Ga and Cu on the corrosion and tribocorrosion properties of the alloys,
as well as their Ga/Cu ion release, in simulated physiological environment.

Chapter 7 reports further studies (microstructural, mechanical and corrosion) con-
ducted on a specific alloy composition (Ti-Nb—Cu) subjected to different aging treat-
ments. The main goal was to prove the tunability of alloy microstructures, which
therefore contribute in tailoring specific mechanical and corrosion properties.

Chapter 8 points out the main conclusions of the doctoral thesis and briefly outlines
suggestions for future work. The latter are supported by preliminary data and pilot
studies: biological assessment and a demonstrator of a dental implant.

The last sections include bibliographic references, list of publications and conference
contributions, acknowledgements, and appendices.



Chapter 2

Theoretical Background & State
of the Art

2.1 Metallic Biomaterials for Load-Bearing
Implants

Implanted medical devices are widely used for diagnostic and therapeutic purposes
across many medical specialties. The demand for long-term durable orthopedic
and dental implants is being driven by the world population’s continued aging, an
active lifestyle and greater expectations for life quality. Thus, considerable research
efforts have been devoted to identifying suitable biomaterials for the production of
structural, durable medical implants.

A biomaterial is any nonviable material intended to interact and interface with bi-
ological systems with the aim of treating, evaluating or replacing any organ, tissue
or function of the body. Many aspects and issues have to be considered before
introducing a new biomaterial to the market, such as the designated anatomic lo-
cation, toxicology, biocompatibility, chemical and mechanical requirements, ethics,
standardization, and regulation. One of the main requirements of a biomaterial is
biocompatibility, defined as ‘the ability of a material to perform with an appropriate
host response in a specific application’ [12]. This definition is based on three pillars:
i) the material has to actively perform and not simply exist in the body, ii) the host
response should be appropriate for the application and iii) the nature of the response
and its appropriateness may vary depending on the situation. Therefore, two key
aspects are fundamental when developing a biocompatible material: host reactions
induced by the material and the degradation of the material itself in the body envi-
ronment [13]. There exist many types of biomaterials: polymers, metals, ceramics,
(nano)composite materials, and natural biomaterials. Their field of application is
exceedingly wide and vast: orthopedics, wound healing, tissue engineering scaffolds,
ophthalmic, drug-delivery systems, dental, and cardiovascular applications [14-16].
In all cases, the material biocompatibility is of central importance. The chemical
interactions of the implant material in the in vivo environment can lead to the re-
lease of implant particles into the body fluids, which may trigger an inappropriate



2.1. Metallic Biomaterials for Load-Bearing Implants

immune response. The design and selection of the suitable biomaterial depends on
its specific medical application, and it is time-, place- and function-dependent. In
the specific case of permanent metallic implants for load-bearing applications, and
in order to serve safely and appropriately for a certain period of time without rejec-
tion, the metallic material should possess the following essential characteristics, but
not limited to [17]:

» excellent biocompatibility and osseointegration (in case of bone prostheses);

» outstanding mechanical properties: specific and impact strength, ductility,
fatigue resistance, low stiffness;

* Jong-term dimensional stability;
» superior corrosion resistance in the body environment;
» improved tribological properties: high wear resistance and low friction;

» processability: machinability, castability, deformability, weldability, powder
metallurgy;

» active behavior, e.g., antibacterial, against relevant pathogens.

Metallic materials are widely used for load-bearing implants in various bone-related
applications (Fig. 2.1), such as dentistry (artificial tooth roots, denture bases, den-
tal restorations, orthodontic wires, clips, valves) and orthopedic surgery (artificial
joints, spinal fixation devices, osteosynthesis devices), to support body weight to-
gether with bones and joints, and to help in reconstruction of motor functions [18].
Orthopedic implants fall into two categories: i) permanent implants, acting as sub-
stitutes for bone and joints (i.e., for hips, knees, ankles, shoulders, elbow, wrists),
and ii) temporary implants, used for the fixation of fracture bones (e.g., ostheosyn-
thesis products, like bone nails, plates, wires, screws). These two different fields of
application yield different demands on implant design and properties [19]. In case
of permanent implants, the bone conductivity of the implant material should be
high, with bioactive surfaces that enable proper tissue ingrowth and vasculariza-
tion; moreover, they are expected to serve in the human body throughout the life
span of the patients. On the other side, in the case of temporary (removable) im-
plant applications, a reduced bioactivity is desirable as they are meant to serve for
a relatively short time, only long enough to allow bones to heal. This is particularly
true for trauma implants such as bone nails and plates, which lose their function
after the fracture healing period, and are subsequently removed.

The metallic biomaterials can be categorized in the following four groups based
on the major alloying element (Table 2.1): stainless steels, cobalt-based alloys,
titanium-based alloys, and miscellaneous others (e.g., NiTi, alloys of Mg and Ta,
precious metals and their alloys, etc.) [17]. Presently, a large number of nontoxic
and allergy-free metallic materials with good mechanical and biological compatibil-
ity is in clinical use or under development. Despite this large number, only a few
are capable of long-term success in the clinical practice. Moreover, current metallic
biomaterials do not possess bio-functionalities (e.g., bio-activeness, osseointegration,
antibacterial properties), therefore modifications such as structuring and chemical
and /or physical functionalization are required.
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Figure 2.1: Various bone-related metallic implants that are used in vivo
for orthopedic surgery and dentistry (reproduced from Ref. [20]).
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In the present work, the attention is focused on Ti-based metallic biomaterials for
bone-related implant applications (orthopedics and dentistry). Pure titanium and its
medical-grade alloys have been extensively used as medical implants owing to their
high biocompatibility, corrosion resistance, and lower Young’s modulus, compared
to other metallic biomaterials [1].
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Table 2.1: Main categories of metallic biomaterials and their applications
as implants [21, 22].

Type Application Representative commercial products

Ti alloys Stem and cup of THRs The Tether - Vertebral Body Tethering
(c.p. Ti and Dental implants System, Tigran" PTG, INTER FIX" RP
Ti-6A1-4V) Intervertebral discs replacement  Threaded Fusion Device

Bone screw and plates

Stainless steels Temporary devices (screws, hip ~ Ezpress’ SD (Boston Scientific)
(316 and fracture nails and plates)

316L) THRs
Co—Cr alloys TJRs (wrought alloys) Sigma® Total Knee System, ANTHEM
Dentistry castings Total Knee System (Smith+Nephew)

Surgical wire
Heart valve

Ni-Ti alloys Vascular stents Niti-S™ Gastrointestinal Metallic Stent,
Orthodontic dental archwires Homer Mammalok™
Catheter guide wires
Orthopedic staples

Mg alloys Cardiovascular stents Magmaris® Coronary Resorbable
Magnesium Scaffold (Biotronik)
Ta alloys Wire suture Trabecular Metal” Technology (Zimmer
Radiographic marker Biomet)
Noble alloys Dental prosthesis Trias® Implant System (Servo-dental)

(THR/TJR: total hip/joint replacement)

2.1.1 Mechanical Behavior & Stress-Shielding Effect

Metallic materials are used in a broad range of applications as bone implant ma-
terials due to their fine mechanical reliability in vivo. The human bone is a living
complex hierarchically structured and anisotropic system which plays many roles in
the body environment: body weight support and movement assistance, protection
of organs, and more. Human bones are satisfactorily tough and strong with high
fatigue resistance, however, due to trauma or disease, bone is often damaged or lost,
therefore substitution with artificial medical devices is needed.

The success of a metallic biomaterial for load-bearing applications depends on its
ability to meet several criteria, including strength, toughness, ductility, fatigue and
wear resistance, and bone bonding capacity. In addition to these properties, it
is crucial that the device has an elastic modulus similar to that of human bones
(Evone = 10 — 30 GPa), which allows for optimal load transfer and distribution.
Hence, device stiffness is of outstanding importance. Long-term studies indicate
that insufficient load transfer from the artificial implant material to the surrounding
hard tissues may result in bone resorption, eventual loosening and fracture of the
prosthetic device (Fig. 2.2a). This phenomenon, termed stress-shielding (Fig. 2.2b),
is a direct result of the stiffness mismatch between the artificial implant, and the
adjacent bone [3].
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Figure 2.2: (a) Radiography of a failed stainless steel implant inside a
patient and (inset) the same implant after removal (adapted from Ref. [23]).
(b) Scheme of the stress-shielding effect (reproduced from Ref. [3]).

Matching the biomechanical requirements of a bone is of absolute relevance. Metal-
lic materials can bear significant loads and undergo plastic deformation prior to
failure. However, Ti and its alloys are generally preferred because of their lower
elastic modulus. The stiffness mismatch was identified as major reason for implant
loosening and failure, therefore a reduction of stiffness of the implant material is an
important design consideration to be taken into account [21]. A summary of their
mechanical properties, together with those of cortical bone, is given in Table 2.2.
The mechanical working conditions of the human body are complex: skeletal bone
implants (artificial hip joints, knee joints, plates, and spinal fixations) and dental
implants suffer from fatigue due to intense cyclic loading. A material undergoing
cyclic loading can fracture far below its ultimate tensile strength, and even below
its yield strength: fatigue fractures occur under normal service conditions with no
prior warning, thus making them very dangerous and difficult to predict [24]. Many
current metallic materials in the clinical practice were first developed for other ap-
plications (structural materials, aerospace applications, etc.) and later converted to
biomedical applications. From this perspective, modern research aims at the im-
provement of current biomedical devices and at the development of next-generation
biomaterials with outstanding properties and biofunctionalities.

Table 2.2: Mechanical properties of implant alloys and cortical bone [25].

Material Young’s modulus  Ultimate tensile Fracture toughness
(GPa) strength (MPa) (MPa m'/?)
Co—Cr alloys 240 900 — 1540 = 100
Stainless steels 200 540 — 1000 =~ 100
Commercial Ti alloys 105 — 125 900 = 80
Cortical bone 10 - 30 130 - 150 2-12
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2.1.2 Corrosion and Tribology of Metallic Biomaterials

Corrosion is defined as the deterioration of a material due to the interaction with
the surrounding environment. Material degradation can be caused by chemical,
electrochemical or physical reactions, or by a combination of them. Corrosion of
metals in an aqueous environment is inevitable because metallic elements, except
noble metals (e.g., Au, Pt), are thermodynamically more stable in the oxidized
state, forming metal oxides with different stoichiometries depending on the metal
most favorable oxidation state (MO with M'* MO with M?**, M,O3 with M3T,
MO, with M**). Corrosion phenomena on medical devices cause loss of integrity
and surface functionality. Corrosion accelerates wear, fatigue and fretting fatigue
and, conversely, such damage facilitates and accelerates corrosion [26].

The physiological environment is generally hostile to all sorts of foreign materials,
therefore the effects of such an environment on the chemical properties of an im-
plant material are a primary concern. Metallic materials per se do not show any
toxicity thanks to their high chemical stability with respect to the chemistry of the
body environment. However, degradation products such as metallic ions, wear de-
bris, and micro- and nanoparticles, can still be released into body tissues and fluids,
and this depends on multiple factors: environmental conditions (pH, chloride con-
centration, dissolved oxygen, temperature, etc.), electrochemical effects (galvanic
effects, pitting or crevices, etc.), mechanical factors (surface defects, microcracks,
etc.), and human cell concentrations around the implant site. The presence in the
body fluids of electrolytes (Cl-, Ca®T, Na*, Mg?™, PO,*, SO4%, etc.), other organic
acid anions and complex compounds such as phospholipids, natural fats, proteins,
sugars, amino acids, and other biomolecules, produce a severely corrosive environ-
ment that can damage the implant. As a consequence, corrosion processes may
alter the physiological bio-environment. Besides, corrosion products may cause al-
lergic reactions and carcinogenesis. Variations in the pH of body fluids are generally
minimal because these are buffered solutions (pH 7.35 — 7.45); however, during an
inflammation at the implant site, the host immune response can generate reactive
oxidizing species (e.g., HoO2), which may contribute to localized acidification and
further corrosion of the implant material. Corrosion of metallic materials can also
be influenced by the presence of host cells at the implant site (macrophages, fibrob-
lasts, osteoblasts, osteoclasts). In conclusion, corrosion of a metallic implant might
alter adjacent tissues in three ways: i) electrical current, affecting cell behavior, ii)
change in chemical environment due to the corrosion process and iii) metal ions,
which may affect cellular metabolism [26].

Electrochemical corrosion consists of the anodic oxidation reaction coupled with a
cathodic electron consumption. In case of metals, the anodic reaction consists of
the oxidation of the metal to ionic species, in case of passive metals, the metal
reacts with water to form an oxide/hydroxide layer. The cathodic reaction consists
of the reduction of electrochemically active species of the electrolyte, and can vary
depending on its chemical composition and pH. The Pourbaix diagrams are a useful
tool for predicting the likelihood of corrosion, passivation or immunity of a given
metal under specific environmental conditions, most typically in aqueous solutions.
The diagrams plot the thermodynamic stability of different oxidation states of a
metal as a function of pH and electrode potential. Fig. 2.3 shows a simplified
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Pourbaix diagram for the titanium—water system. The shaded grey area, which
mainly falls within the passivation zone of titanium, is particularly relevant for
physiological systems, and its boundaries represent extreme conditions which are
not usually encountered in the human body environment.
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Figure 2.3: Simplified Pourbaix diagram of the titanium-—water system
at 25°C showing domains of corrosion, immunity and passivation. Dashed
lines (a, b) indicate the range of water stability. The shaded area indicates
possible conditions for physiological systems (adapted from Ref. [27]).

Metals show a variety of corrosion morphologies (Fig. 2.4), which can be roughly
classified into general (uniform) and local (non-uniform) corrosion:

= Uniform corrosion involves the whole surface of the metal. General corrosion
of passive alloys in the human body is rarely observed.

» Galvanic corrosion can take place when two metals with different corrosion
potential are placed in electrical contact in an electrolyte. Galvanic corrosion
then takes place on the less noble metal. However, when the difference in
corrosion potential is small, galvanic corrosion may not occur.

» Pitting corrosion is a type of local corrosion that results in the formation
of small cavities (pits) limited to a small area, while the greater part of the
passivated part is unattacked. Pitting corrosion takes place on passive alloys
in presence of halogen species, which attack surface defects and locally break
the passive film.

» Crevice corrosion is a type of localized corrosion that occurs when the metal is
partially shielded from the surrounding environment (e.g., deep crack, narrow
openings, joints). The crevice environment, where mass diffusion is restricted,
becomes rich in dissolved oxygen and halogen ions, thus further decreasing the
pH and increasing corrosion rate and metal dissolution. In metallic biomate-
rials, it can take place on interfaces, such as head/stem in artificial hip joints
and screw /hole in bone plates.

10
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» Intergranular corrosion is a type of local corrosion that selectively takes place
at grain boundaries.
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Figure 2.4: Corrosion morphologies (reproduced from Ref. [28]).

In many biomedical applications, implant materials can be exposed to very complex
service conditions, including static and dynamic loading, and relative motion with
soft or hard surfaces in contact. The human body possesses a great variety of fric-
tional and sliding interfaces. The relative motion between the implant surface and
surrounding tissues might accelerate wear of both surfaces, thus stimulating chronic
inflammation and creating a more severe chemical environment [26]. Common ex-
amples of bio-tribology, i.e., the science of friction, wear and lubrication in biological
systems, include: replacement of heart valves, pump lubrication in artificial hearts
and in contact lenses, wear of dental implants, artificial joints, and plates and screws
in bone fracture repair.

The synergistic action of mechanical loading (wear) and corrosion (chemical and
electrochemical) leads to the irreversible degradation of implant surfaces [29], in-
deed, tribology and tribocorrosion have emerged as primary fields in bio-engineering.
Degradation of the implant material due to the simultaneous chemical and mechan-
ical effects may occur under a variety of conditions, as illustrated in Fig. 2.5 for a
dental implant.
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Figure 2.5: Degradation mechanisms involving mechanical and chemical
effects on a dental implant (reproduced from Ref. [30]).

Biomedical applications of metallic implant materials often involve contact defor-
mation and corrosion. Wear and abrasion of the metallic implant material against
hard tissues affect the integrity of the passive oxide film, thus enhancing corrosion
phenomena. Implants inserted in a human body encounter a particularly aggressive
environment, being surrounded by blood-rich tissue, serum proteins, high chloride
concentrations, and more. All these components also influence the corrosion behav-
ior and release of harmful metallic ions, which might delay the recovery process after
surgery [31]. Sliding contacts occur also between parts of the same implant, such as
femoral head and acetabular cup in artificial joints, for which tribocorrosion-driven
failure is fairly common [32]. Mechanical forces acting at the interface of sliding
surfaces cause a repeated damage of the oxide film, leading to accelerated corrosion
and causing structural deterioration of the implant. The capacity of the oxide film
to regenerate itself plays a key role in further determining the corrosion behavior
of the implant: the sooner the film is repaired, the lower the amount of metal ions
released in the body. Low wear resistance is also responsible for the appearance of
wear debris, which might cause inflammatory reactions and pain [33, 34].

From a relevant clinical standpoint, the main categories of wear and tribocorrosion
in load-bearing implants (e.g., hip implant, Fig. 2.6) can be grouped as follows:
metal or ceramic on polyethylene, metal-on-metal, ceramic-on-ceramic, ceramic-on-
metal, and taper tribocorrosion [32]. Polyethylene wear produces submicron parti-
cles, with local inflammatory effects, while metal wear is typically associated with
elevated systemic levels of metallic ions. Clinical studies and retrieval examinations
[35-37] demonstrated that excessive wear of metal and/or UHMWPE (ultra high
molecular weight polyethylene, used in acetabular cups) is the principal mode of
failure for long term use of total joint replacements (TJR), which, together with de-
bris accumulation, leads to adverse cellular response and hence inflammation, bone

12
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cell lysis, osteolysis, infection, and pain. Excessive wear is mainly due to a lack of
good or sufficient lubrication. The high UHMWPE wear rates associated with the
alloy counterparts have been attributed to the mechanical instability of the metal
oxide layer. High stress can induce breakdown of the surface passive layer. The
exposed bare metallic surface may either repassivate or adhesively bond to the poly-
mer surface. The latter leads to cyclic layer disruption and reformation, resulting
in gradual consumption of the alloy material. Friction, which is the force resisting
the relative motion between two sliding surfaces, dictates the efficiency of sliding
surface contact. Friction is also responsible of wear (loss of material or body defor-
mation), which is very often the limiting factor affecting service life of the medical
device. Therefore, minimization of friction and wear is necessary to extend the
medical device life. Corrosion can be closely related to tribology, as it results in
surface degradation able to promote and accelerate wear. The combined action of
these phenomena produces wear particles and debris that are prone to diffusing in
the surrounding soft tissues and to migrating to more remote organs [38]. In view
of all this, tribocorrosion behavior represents one of the most important mediators
of the body response to the medical implant. An attentive and accurate evaluation
of such processes is essential [39].

Q Acetabular cup
7 (metal, ceramic)
!

Insert (polymer, ceramic)

a)

'Femoral head (metal, ceramic)

Metal wear v

& J

Figure 2.6: (a) Main components of an artificial hip joint [40]. (b) Radiog-
raphy of a total hip arthroplasty showing significant worn polyethylene and
associated osteolysis and (c¢) worn acetabular cup extracted at revision [41].
(d) Retrieved alumina femoral heads with metallic wear transfer [42].
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2.2 Titanium-Based Alloys & Their Properties

This section gives an overview and presents the current state of knowledge of rele-
vant titanium-based medical alloys and their structural characteristics, mechanical,
and chemical properties. Every year, over 1000 tons of Ti-based biomedical de-
vices are implanted in patients worldwide [43]. Titanium (Ti) and its alloys offer
distinct advantages for load-bearing applications in comparison to other metallic
biomaterials. Their Young’s modulus is roughly half that of stainless steels and
cobalt-molybdenum alloys. Moreover, they have higher specific strength (strength-
to-density ratio), superior biocompatibility and great corrosion resistance. As a
result of these attractive properties, Ti alloys have become the preferred biomate-
rial for bone-related applications.

2.2.1 Classification & Structures

The element titanium (Ti) is a low-density transition metal (Z = 22) that can be
considerably strengthened by selective alloying and thermomechanical processing.
Its incomplete valence d-shell (electron configuration: [Ar] 3d? 4s?) enables it to
form substitutional solid solutions with many elements having a size factor within
+ 20%. Pure Ti has a high melting temperature (7}, = 1768°C) and undergoes an
allotropic transformation at 882°C, changing from hexagonal close packed (HCP, a-
phase, space group P63/mmc) to body centered cubic (BCC, /8 phase, space group
Im3m) crystal structure above this temperature (Fig. 2.7a) [44].
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Figure 2.7: (a) Crystal structures of HCP «v and BCC g, and (b) effect of
alloying elements on Ti phase diagrams (adapted from Ref. [44]).
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Solute substitutional or interstitial elements strongly influence the allotropic trans-
formation temperature of titanium. In this regard, alloying elements for titanium
can be grouped into: a-stabilizers (C, N, O, Al, Ga), 8-isomorphous stabilizers (V,
Nb, Mo, Ta), S-eutectoid stabilizers (Si, Cr, Mn, Fe, Cu), and neutral elements (Zr,
Sn). The [-isomorphous elements have complete solubility in the  phase, while
[-eutectoid elements have limited solubility and can form intermetallic compounds
by eutectoid decomposition of the 5 phase (Fig. 2.7b). The properties of Ti alloys
depend upon composition, relative proportions of the o/ phases, thermal and me-
chanical treatment conditions [44]. Based on the crystal structure, Ti alloys can be
categorized into four types: « alloys, near-a alloys, a+f alloys, and 3 alloys [44].

» o alloys primarily consist of the a phase and exhibit excellent corrosion re-
sistance and high (specific) strength, and are easily deformable, thus making
them ideal for applications such as aerospace components and medical im-
plants.

» Near-« alloys have a combination of @ and small amounts of # phases. They
are a classic high-temperature alloy type with excellent creep behavior and
high-temperature strength, and high fatigue strength.

» o+ alloys contain a mixture of o and [ phases, providing a balance of
properties such as high strength and stiffness, good ductility, and excellent
weldability. Ti-6Al-4V is the most popular one, accounting for over 50% of
all alloys in use today. These alloys are widely used in the aerospace industry,
as well as in automotive, chemical processing and medical applications.

» 3 alloys mainly consist of the g phase and are the most versatile class. They
offer the highest strength-to-weight ratios and exhibit attractive combinations
of strength, toughness and fatigue, and corrosion resistance. Moreover, they
possess the lowest Young’s modulus among the other types, which makes them
suitable for load-bearing implant applications, together with their high bio-
compatibility. Sub-classifications of 3 alloys are discussed in Sec. 2.3.

The most conventional used alloy as medical implant in the clinical practice (e.g.,
bone fixation plates, stems of artificial hip joints, etc.) is the a+p Ti-6Al-4V.
It shows good workability, weldability and heat treatment ability as well as good
strength, toughness and corrosion resistance. The main drawback is its high Young’s
modulus (£ = 114 GPa), which leads to the previously mentioned stress-shielding
effect. Furthermore, some concerns regarding the long-term safety of the elements
V and Al were raised: their release in the human body is reported to be responsible
for health issues such as Alzheimer’s disease, osteomalacia and neuropathy [2, 45].
Therefore, extensive research efforts were made to develop new Ti-based alloys with
no cytotoxicity and with better biomechanical compatibility. In this regard, 8-Ti
alloys are extremely promising candidates.

2.2.2 Key Mechanical Properties

Titanium alloys specifically developed as substitutional materials for hard tissue
should meet certain mechanical requirements for their reliable use in the human
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body. There are essentially four ways to improve the properties of Ti alloys: alloying,
processing, induced porosity and metal-matrix composites.

» Alloying provides the basis to increase strength (e.g., age hardening, solid so-
lution strengthening), allows the generation of ordered structures (e.g., inter-
metallic compounds), governs physical properties (e.g., coefficient of thermal
expansion, density, elasticity) and the chemical resistance [33].

» Processing allows accurate tuning of the property profile, different microstruc-
tures can be generated by means of thermomechanical treatments to enhance
strength, toughness, ductility, creep resistance, stress corrosion. Processing
techniques of mechanical alloying (solid-state powder processing) and rapid
solidification broaden the spectrum of possibilities [46, 47].

» Induced porosity extends the possibilities of improving mechanical properties.
A controlled amount of porosity in an implant alloy allows to better mimic
bone morphology, structure and function, thus improving osseointegration,
and provides customized mechanical properties, such as low stiffness. Major
drawback of porous bodies is their limited strength [48, 49].

» The fourth option consists of combining different materials (metallic and/or
non-metallic) to create a composite with superior behavior. Such approach
overcomes the limits of the basic attributes of main materials classes. Nature,
volume fraction, orientation and boundaries of the matrix and the strengthen-
ing component have a major influence on chemical and mechanical behavior
of the composite [50].

Young’s Modulus

The Young’s modulus (E) represents a major demanding condition to avoid the
so-called stress-shielding effect. Large modulus mismatches between implant ma-
terial and surrounding body tissues cause insufficient loading of bone adjacent to
the implant, resulting in stress-shielding effects that cause tissue loss and implant
failure [3]. According to Wolff’s law, bone density and its architecture depend on
magnitude and direction of the applied load [21]. Indeed, it has been proved that,
when tension or compression loads and bending moment are reduced, decreased
bone thickness and increased bone mass loss arise [1]. Accordingly, a reduction of
implant’s Young’s modulus (and stiffness, implicitly) to a value similar to that of the
bone is desired in order to provide the necessary ‘isoelastic behavior’ for an efficient
load transfer between implant material and bone [2]. Most recent research efforts
have been focused on reducing the Young’s modulus of implant alloys. Values of
E of relevant biomedical titanium alloys are reported in Fig. 2.8. Generally, £ of
recently developed [-type Ti alloys is in the range 51 — 98 GPa, which is smaller
than E of a- and a+f-type alloys.
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Figure 2.8: (a) Comparison of the Young’s modulus of different implant
alloys with human cortical bone [51]. (b) Scheme illustrating the load dis-
tribution during bone healing when a metallic bone fixator is used. The
mismatch in Young’s modulus between the fractured bone and the metallic
implant results in the majority of the body load being supported by the
metallic implant (adapted from Ref. [52]).

Strength

Strength of a- and a+[(-type alloys is moderately low at room temperature, for in-
stance the four grades of c.p. Ti exhibit yield strength and ultimate tensile strength
in the range 170 — 480 MPa and 240 — 550 MPa, respectively. The low mechanical
strength and low fatigue strength prevent a-type Ti alloys from being used in load-
bearing applications. The a+ Ti alloys contain a higher content of S-stabilizers
than near-« alloys, therefore they possess a higher § phase fraction (about 5 — 30
vol%). Moreover, they are heat treatable, hence their mechanical properties can
be tuned and optimized. Volume fractions of a and [ phases significantly vary
according to alloy chemistry, heat treatment (temperature and holding time) and
cooling rates. As a consequence, the a+( Ti alloys possess greater yield strength
and ultimate tensile strength than a-type. The p-type Ti alloys, containing high
amount of [-stabilizers, are also heat treatable, hence their strength can be en-
hanced. Such phenomenon is mainly attributed to dispersion strengthening due to
the partial f — « transformation. The S-type Ti alloys have comparable strength
with a+pS-type, but maintain a lower E value. A suitable balance between strength
and stiffness has to be found to best mimic bone behavior [53].

An ideal biomedical material is expected to have the combined properties of low
Young’s modulus and high strength to sustain a long-term service period and to
reduce the risk of revision surgery.
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Table 2.3: Mechanical properties of a-, a+p3- and S-type Ti alloys for
load-bearing implant applications [17, 53].

Alloy designation (wt.%) E (GPa) oy (MPa) ours (MPa) Emax (%)
« microstructure

c.p. Ti (ASTM grade 1) 105 170 240 24
c.p. Ti (ASTM grade 2) 105 275 345 20
c.p. Ti (ASTM grade 3) 105 380 450 18
c.p. Ti (ASTM grade 4) 105 480 550 15
a—+ microstructure

Ti-6A1-4V (annealed) 110 - 114 825 — 869 895 — 930 610
Ti-6A1-4V (mill annealed) 101 - 110 795 — 875 960 — 965 10 - 15
Ti-6Al1-7Nb (annealed) 114 880 — 950 900 — 1050 815
Ti—5Al1-2.5Fe 110 820 900 6
Ti-3A1-2.5V 100 585 690 15

[ microstructure

Ti-13Nb-13Z (aged) 79 - 84 836 — 908 973 — 1037 10 - 16
Ti-12Mo—6Zr—2Fe 74 — 85 1000 — 1060 1060 — 1100 18 — 22
Ti-29Nb-13Ta—4.6Zr (aged) 80 864 911 13
Ti-15Mo (annealed) 78 544 874 21
Ti-15Mo—-5Zr-3Al 75 — 88 870 — 970 880 — 980 17 - 20
Ti-16Nb-10Hf 81 730 — 740 850 10
Ti-35.3Nb-5.1Ta-7.1Zr 55 547 597 19

2.2.3 Degradation Phenomena of Ti in Physiological
Environment

Despite the biochemical and mechanical compatibility of Ti alloys, wear and cor-
rosion still occur, especially in extreme environments like the human body [54].
Corrosion resistance depends on environment, alloy composition and microstruc-
ture and it can lead to the loss of structural integrity (with consequent implant
failure), surface function and release of small amount of metal ions (e.g., Al, V),
which might elicit adverse allergic reactions and even carcinogenesis [20]. These
wear and/or corrosion processes may trigger a local inflammatory response known
as peri-implantitis, which can ultimately compromise the stability of the implant
and even require surgical revision. Abrasive, adhesive, fatigue, fretting and corro-
sion wear mechanisms have been all identified in load-bearing implants and strongly
depend on material composition, surface characteristics, hardness, and corrosion re-
sistance. All these degradation phenomena can be either prevented or inhibited by
a surface with high passivation and re-passivation ability.

Ti and its alloys are perceived as ‘biocompatible’ owing to the presence of a pas-
sive, inert, stable, and thin film consisting mainly of TiO; even though it may also
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include TiO, TiO(OH),, or TiyO3 species [55]. The oxide thin layer serves as a
barrier film, providing a chemical barrier from further oxidation and preventing the
release of deeper metal atoms. However, despite the high corrosion resistance, Ti
implants may still experience surface degradation due to the presence of inclusions
or discontinuity spots, which can lead to the release of metallic ions and particles,
depending on the composition of the alloy. Therefore, careful monitoring and main-
tenance of Ti implants are necessary to minimize the risk of surface deterioration
and ensure their long-term success. A significant aspect of Ti and its alloys is their
susceptibility to localized corrosion (i.e., pitting and crevice corrosion), which can
happen in the presence of aggressive ions or under high-stress conditions. Small
pits or crevices may form and propagate, thus eventually leading to material failure.
Crevice corrosion occurs in restricted contacting areas, e.g., between implants, abut-
ments and prosthetic structures, where restricted ingress and egress of physiological
fluids and depletion of oxygen lead to a decrease in pH, due to the presence of free
H* ions, which may result in film breakdown. Pitting in particular is considered as
the most dangerous corrosion phenomenon because of its difficulty in prediction and
detection. On dental implants made of Ti, pitting occurs when the oxide thin film
breaks down locally in the oral environment [55] (Fig. 2.9). Also, dynamic loadings
(e.g., mastication, movement) generate micro-motion at the implant-abutment con-
nections which promote wear and wear-accelerated corrosion. The synergistic effects
of corrosion and wear cause structural changes, resulting in fretting corrosion, which
is the main responsible of metal release in the surrounding body tissues.
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Figure 2.9: Factors affecting corrosion behavior of Ti dental implants in
the oral environment (adapted from Ref. [55]).

Currently, there is still no consensus on the best alloy chemical composition suitable
for various biomedical applications, however several in vivo studies demonstrated
the deleterious toxic effects of high concentrations of Co, Cr, Ni, Al, and V, which
were detected in the blood of patients [56-58]. For these reasons, many efforts have
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been made to develop a new class of Ti alloys: (-type Ti alloys are promising mate-
rials because of their superior corrosion resistance and presence of non-allergic and
non-toxic elements (Nb, Ta, Zr, Mo, Sn). Their overall corrosion behavior is mainly
governed by the role of the f-stabilizing agents on the oxide film. On comparing
the two a+-type Ti-6A1-7Nb and Ti-6Al-4V, it was found that the higher corro-
sion resistance of the former alloy is due to the formation of niobium oxide (N2Oj),
which is chemically more stable than vanadium oxide (V50Os5). The beneficial effect
observed for Nb on the stability of the titanium oxide film has been attributed to
its capacity of reducing anion vacancies in the oxide film [59]. The presence of Nb5*
ions increases the number of oxygen ions in the TiO, crystal lattice, which anni-
hilates anion vacancies and makes the film less defective and more stoichiometric,
and therefore improving passivation properties, and so corrosion resistance, of the
resulting film. A recent work systematically investigated the effect of Nb addition
(5 — 33 at.%) on the stability and biological corrosion resistance of cast Ti—Zr—Nb
alloys in simulated body fluids [60]. It was demonstrated that the addition of Nb
can reduce the content of Ti;O3 in the passivation film and increase the presence
of NoOj5 species, which relates with the increased corrosion resistance. Moreover,
another beneficial effect was the improved stabilization of the passive film, which
results in reduced pitting sensitivity. Thus, it was suggested that increasing Nb
content above 20 at.% increases the overall biological corrosion resistance of these
Ti-based alloys. Similar conclusions were drawn by Hu et al. [61], who studied
passive film properties of Ti-45Nb alloy subjected to high-pressure torsion (HPT)
processing, which, by grain refinement, facilitates the formation of a thicker and less
defective oxide layer, responsible for the improved corrosion resistance (Fig. 2.10).
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Figure 2.10: Scheme of passive film formation on Ti-45Nb alloy, showing
transport of ions, electrons and vacancies (reproduced from Ref. [61]).

The corrosion behavior of S-type Ti-45Nb implant alloy, together with Ti-6Al-
4V and Ti-55Ni, was studied in neutral and acidic simulated body fluid solutions
resembling different body environments [62]. In neutral solution, the 5-Ti-45Nb ex-
hibited excellent corrosion resistance, comparable to that of Ti-6A1-4V, and better
than Ti-55Ni alloy. On the other hand, in very acidic environment, the 5-Ti-45Nb
remained passive, where active dissolution was observed for both the other two
alloys, thus suggesting Ti—45Nb a highly advantageous alloy for use in corrosive en-
vironments (e.g., body environment). Other studies [63, 64] investigated the effect
of alloying indium (In) on the corrosion resistance and biological compatibility in
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synthetic physiological solutions of a cast and homogenized g Ti-40Nb alloy. It was
concluded that small concentrations of In, homogeneously dissolved in the g-phase
matrix, do not have a detectable effect on the anodic response of the alloy, thus
suggesting high corrosion resistance [63]. The in vitro studies [64] on human bone
marrow stromal cells (hBMSC) revealed high biocompatibility, due to the high Nb
content that alters the passive layer composition.

Despite the improvement in corrosion resistance due to S-stabilizing elements, care
should be taken to ensure even chemical distribution of the alloying elements within
the matrix by appropriate heat treatment to prevent localized corrosion (e.g., gal-
vanic corrosion between phases with very different Volta potential [65]). Heat treat-
ments that lead to non-uniform chemical distribution are hence detrimental with
respect to corrosion. The influence of microstructure on corrosion resistance was
investigated by Yu et al. [66] on a Ti-15Mo—-3Nb-3Al biomedical implant alloy sub-
jected to homogenization and aging treatments in a strong reducing acid (HCI).
It was observed that the solution-treated microstructure (single-phase () exhibits
better corrosion resistance when compared to the aged one (a+/). The decrease in
resistance of the aged sample was attributed to the partitioning of o and § stabiliz-
ing solute elements occurring during the aging process. In particular, the depletion
of beneficial Nb (and Mo) from the « phase, along with partitioning of detrimen-
tal Al, could account for the inferior corrosion resistance of the aged alloy. It was
therefore concluded that Nb and Mo improved passivity and limited the active cor-
rosion of $-Ti phase. More recently, the effect of unique microstructural features on
the electrochemical behavior of conventional (surgically retrieved cast and wrought
implants) and additively manufactured (AM) Ti-6Al-4V implants (not previously
implanted) was investigated [67]. It was shown that a high composition gradient
between « and [ phases leads to localized galvanic corrosion.

Ti has poor tribological properties due to its low abrasive wear resistance [68], and
c.p. Ti, compared to other Ti alloys, has the highest friction coefficient in steady-
state fretting conditions [69]. Extensive literature exists on the wear behavior of
Ti-6Al1-4V in both dry and wet conditions [70-73], but limited wear data is avail-
able for -type Ti-Nb-based alloys: Ti-40Nb [74], Ti-45Nb [75], Ti-Nb-Sn [76],
Ti-Nb—Cu [77], TNZ and TNTZ [78, 79]. Neto et al. [80] investigated the tribo-
corrosion behavior in simulated body fluids of four S-type Ti—-Nb—Ta—Zr alloys and
compared it with Ti-6Al-4V. The results indicate that the S-type alloys exhibit
lower corrosion contribution to total wear than the a4/ alloy, due to the effect of
galvanic coupling between phases; however, the two-phase alloy exhibits lower wear
rate and material loss. Chapala et al. [81] reported that the a+/ microstructure
exhibits the best wear resistance compared to 3, and that the a:8 volume frac-
tion ratio decides the resulting wear properties in Ti alloys. The authors concluded
that the microstructure influences the tribocorrosion properties of Ti alloys, where
lower wear track volume and material loss were observed in the a+/ alloy. In
their following study [79], the authors investigated the worn surfaces and the tri-
bofilm to reveal the dominant wear mechanisms and concluded that abrasion wear
is always dominant and independent of alloy type, electrochemical condition and
contact pressure. Subsurface deformed microstructures were studied by TEM and
the [ phase experienced a partial transformation to o and w phases, which resulted
in local surface hardening and grain refinement caused by wear and plastic deforma-
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tion accumulation in the contact area. Guinén Pina et al. [76] studied the influence
of the chemical composition on the triboelectrochemical behavior of § Ti-30Nb—
(2,4)Sn alloys in phosphate buffer saline solution and observed that the addition
of Sn above 2 wt.% decreases corrosion resistance and hardness, which indicates a
dramatic increase in mechanical wear. Another work [77] studied the effect of Nb
addition (0 — 15 wt.%) on the corrosion and wear behavior of sintered Ti-5Cu—xNb
alloys. Increasing amounts of Nb significantly improved the corrosion resistance,
but also increased wear rate. On the other hand, Li et al. [82], who studied the
effect of Nb content on wear behavior of Ti-Nb-Ta~Zr and Ti-6Al-4V, concluded
that Nb addition improved wear resistance. Copper addition may also enhance wear
resistance of Ti alloys [77], but it might significantly affect corrosion resistance, due
to pitting corrosion. Enhancement of wear resistance due to Cu addition is often
related to the presence of the Ti;Cu phase [83]. According to numerous studies on
Ti—Cu alloys, addition of 5% Cu is sufficient to enhance, and not impair, corrosion
resistance, as well as mechanical and antibacterial properties [84]. Because of the
complexity of involved phenomena, the tribocorrosion behavior of specific combina-
tions of materials, alloying elements, loadings, and environments can be challenging
to predict, therefore experimental studies are necessary.

2.2.4 Biocompatibility and Biological Response of Ti and
its Alloys

Once artificial biomaterials are implanted in vivo, they induce a cascade of biolog-
ical reactions through interaction of the implant itself with body fluids, proteins
and cells. Body response to the implant and occurring reactions on the surface at
different time intervals can be described as follows: adsorption of water molecules
on the implant surface (10 s), adsorption of proteins over water molecules (10 —
103 s) and adsorption of host and bacterial cells over proteins (10! — 103 s) [33].
A major factor influencing body reaction is the biomaterial surface, being the first
contact. Both chemical composition and topography of the surface are believed to
play a significant role in bone contacting implants: they regulate type and degree
of interactions at the interface, such as ions and biomolecules adsorption, formation
of calcium phosphate layers and interaction with cells (osteoblasts, macrophages,
bone marrow cells). Accordingly, the nature of the interface that forms between
biomaterial and attached tissue determines the ultimate success or failure of the
implanted material. Aiming for bioactive surfaces, able to stimulate tissue response,
numerous surface engineering techniques have been studied and adopted: examples
include chemical vapor deposition, sol-gel method, plasma electrolytic oxidation,
thermal spray coating, laser peening and other [85, 86]. Development of oxide films
is considered as a prerequisite for bioactivity.

Titanium is well tolerated and almost inert in the body environment, and it is ca-
pable of osseointegration in optimal conditions [54]. Ti alloys, among all metallic
biomaterials, are the only ones with the ability to bond with host bones [17]. More
specifically, the physiochemical properties (crystallinity, composition, impurity seg-
regation, etc.) of the oxide film are quite relevant. The widely accepted explanation
of this positive aspect of Ti alloys is due to the formation on the surface of titanate
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(NayTiO3), which ultimately results in the formation of carbonated hydroxyapatite,
an important mineral in bone and tooth formation, considered as a critical step for
osseointegration [17]. In wvitro cytotoxicity studies, often conducted with fibroblast
L929 cells and osteoblast-like MC3T3 E1 cells, have proved the superior biocom-
patibility of titanium alloys over stainless steels and Co—Cr alloys. However, their
biocompatibility is still an open question and further studies are being made. Reser-
vations have been expressed about Ti-6A1-4V long-term implants, because of the
toxicity of V and Al. Such concerns led to the development of S-type Ti-based
alloys containing non-toxic elements (Nb, Ta, Zr, Mo). Indeed, addition of Ta re-
markably reduces the amount of metal ions released [87]. The f-type Ti alloys are
receiving tremendous attention from the researchers working in the biomedical en-
gineering field: in the three last decades, numerous biocompatible alloys containing
the aforementioned elements and other have been developed (Table 2.4). Studies
have proved higher relative growth of cells for the g-type alloy Ti-15Zr-4Nb-4Ta
than for Ti-6A1-4V [88]. Niinomi et al. [89] demonstrated the superior cell viability
of the -type Ti—29Nb—13—4.6Zr alloy compared to Ti-6A1-4V. The in vitro studies
of Pilz et al. [64] on Ti-40Nb and (Ti-40Nb)-4In alloys proved high biological com-
patibility on human bone cells due to low metal release and high Nb content. The
inflammatory response both in wvitro and in vivo of S-type Ti-45Nb was mitigated
due to its reduced corrosion rate and quick passivation properties, which prevent
leaching of pro-inflammatory metal ions [61]. Such and other investigations have led
to the belief that the newly developed (-type Ti alloys are promising biomaterials
from the corrosion, wear and biocompatibility perspectives.

2.3 [(-Ti Alloys for Biomedical Applications

This section presents the advances in the development of 5-Ti alloys for biomedical
implant applications. They are considered as second generation Ti biomaterials and
their rapid development took place in the 1990s. One reason for their development
is to address the stress-shielding phenomenon caused by the high Young’s modulus
of current implants. Generally, S-type Ti alloys exhibit a Young’s modulus closer to
that of human cortical bone [90]. They are among the most versatile class of Ti alloys
and offer the highest strength-to-weight ratios and very attractive combinations of
strength, stiffness, toughness and fatigue resistance, good corrosion resistance and
high biocompatibility. Moreover, these alloys are V- and Al-free, therefore, S-type
Ti alloys containing non-toxic elements (Zr, Nb, Ta, Mo, Sn, etc.) have recently
attracted considerable attention for orthopedic and dental implant applications.

In general, S-type Ti alloys, based on the range of § phase stability, and there-
fore amount of S-stabilizers, can be classified as follows: [-rich (a+f), near-/3,
metastable § and stable 5. Near [-Ti alloys are collocated in the region between
a4+ and metastable 3 alloys. Within the class of the 8 alloys, two types can be
distinguished: ‘high strength’ 3, located close to the § and a+/ alloy boundary in
the pseudo-binary phase diagram (Fig. 2.11), and ‘heavily stabilized” 3, which are
located more to the right.
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Figure 2.11: Scheme of pseudo-binary isomorphous phase diagram of
Ti showing different stability regions depending on the concentration of
[-stabilizers (adapted from Ref. [86]).

Theoretical approaches, used alone or in combination, exist to predict the effect of
alloy composition and phases constituents, as later presented in Sec. 2.3.1. Heavily
stabilized (-Ti alloys contain low volume fraction of a-phase stabilizers, and there-
fore the maximum achievable strength for these alloys is lower than the strength
achievable in the high-strength g alloys. In contrast to a4/ alloys, 8 alloys, upon
quenching to room temperature, do not transform martensitically, thus resulting in
a metastable § phase. However, after aging at 450 — 650°C, the a-phase can still be
precipitated as very fine particles (platelets) with a high-volume fraction and dis-
tribute throughout the § matrix [17]. As a consequence, aged 3 alloys can be hard-
ened to higher yield stress levels compared to a4+ alloys, but they also exhibit higher
density and compromised creep strength and tensile ductility. Furthermore, 3 alloys
can be processed at lower temperatures than a+f alloys, cold-worked metastable [
alloys can contain stress-induced martensites [91]. Another typical aspect of 5-Ti
alloys is that they exhibit limited to negligible strain hardening, attributed to their
specific microstructural characteristics [92]. The Young’s modulus of S-type alloys
can be significantly reduced by adjusting the concentration of S-stabilizing elements
[53, 93]. The most common [-type Ti alloys, together with their mechanical prop-
erties (E and oy) are listed in Table 2.4. Major drawbacks of 8 Ti alloys include low
fatigue strength and poor wear resistance compared to other Ti alloys (c.p. Ti, a+f
Ti). For load-bearing applications, notch fatigue properties are considered indica-
tive of the performance of hip implants, because they generally have a structured
surface with wedges and porous coatings that introduce stress-concentration sites
[17]. Generally, § alloys have unsatisfactory fatigue strength, which can be enhanced
by microstructure refinement or by aging to precipitate small amounts of w phase.
However, processing parameters must be carefully controlled, as too much w phase
will cause embrittlement and an undesired increase in the Young’s modulus [47].
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Table 2.4: (-type Ti-based alloys for biomedical implant applications and
their mechanical properties (Young’s modulus E, yield strength o).

Alloy (wt.%) E (GPa) oy (MPa) Ref.
y

Ti—-Mo alloys

Ti-12Mo—6Zr—2Fe 74 - 85 1000 - 1060 [17]
Ti-15Mo 78 655 [17]
Ti-15Mo—-5Zr-3Al 75 - 88 870 — 970 [17]
Ti-15Mo—2.8Nb-0.25i-0.260 83 950 — 990 [17]
Ti—Zr alloys

Ti-30Zr—4Cr 67 — 69 500 — 530 [94]
Ti-30Zr—5Cr 66 — 75 824 — 870 [94]
Ti-30Zr-1Cr-5Mo 69 — 68 524 — 554 [94]
Ti-30Zr-2Cr-4Mo 64 — 74 592 - 636 [94]
Ti-30Zr-3Cr-3Mo 68 — 79 643 — 764 [94]
Ti—Nb alloys

Ti-11Nb-3.5Fe—7Zr 90 - 93 1011 - 1184 [95]
Ti-13Nb-13Zr (TNZ) 79 - 84 840 - 910 [17]
Ti-16Nb-10Hf 81 730 — 740 [17]
Ti—19Nb—-2.5Fe—6Sn 71 - 98 765 — 1261 [95]
Ti-19Nb-2.5Fe-10Zr 69 — 97 1027 - 1132 [95]
Ti-21Nb-10Sn (Ti-Nby5-Sns at.%) 75 772 [96]
Ti-25Nb-2Ta-3%r 75 864 [97]
Ti-30Nb—2Ta—-3Zr 57 663 [97]
Ti-30Nb—(3-10)Cu 67 — 93 650 — 900 (98]
Ti-31Nb-10Sn (Ti-Nbgp—Sns at.%) 61 435 [96]
Ti-35Nb-2Ta-3%r 52 431 [97]
Ti-35Nb—7.9Sn 61 484 [99]
Ti-35Nb-7Zr-5Ta-0.350 41 - 46 857 — 966 [100]
Ti-37.5Nb-5.2In 49 511 [101]
Ti-38.7Nb—-3.61In 51 568 [101]
Ti-38Nb-12Mo 55 663 [102]
Ti-39Nb 69 616 [101]
Ti-39Nb-6Mo 64 621 [102]
Ti-39Nb-9Mo 58 634 [102]
Ti—40Nb 55 — 68 346 — 649 [46]
Ti-40Nb-3Mo 67 535 [102]
Ti-40Nb-2Ta-3Zr 58 589 [97]
Ti—45Nb 64 527 [103]
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2.3.1 Design of 5-Ti Alloys

Design approaches for the development of novel -type Ti alloys have become the
main strategic tool to predict phase stability, Young’s modulus and dominant de-
formation mechanism. In the following theoretical approaches, the aim is predomi-
nantly limited to qualitative variables. Nevertheless, real materials’ properties de-
pend on the co-existence of quantitative and qualitative variables (e.g., morphology,
microstructure, processing conditions, etc.)

Molybdenum Equivalence

The molybdenum equivalence ([Mole, or MoE) concept was proposed as general
guideline to predict  phase stability [104]. The developed expression, updated,
varied and refined over the years, represents the contribution to the S phase sta-
bility of each alloying element, in contrast with the most effective [-stabilizer Mo,
arbitrarily chosen. It should be noted that this expression is only empirical: neither
the interaction among alloying elements, nor their isomorphic or eutectoid character
is taken into account. The § phase martensitic transformation temperature (Mj)
generally decreases with an increase in [Mole, value. Hence, the stability of the
f phase, or in other words, the amount (wt.%) of alloying elements necessary to
suppress M, is predicted by this rule as follows: [86]:

[Moleq = 1.0[Mo] + 1.25[V] + 0.59[W] 4 0.33[Nb] + 0.22[Ta)+
+ 1.93[Fe] + 1.84[Cr] + 1.51[Cu] + 2.46[Ni] + 2.26[Mn]+ (2.1)
+3.01[Si] + 0.31[Zr] + 2.67[Co] — 1.47[Al]

The constant before each element content (wt.%) in Equation 2.1 is the ratio of
the critical Mo concentration to retain the metastable 5 phase after quenching and
to prevent formation of martensitic phases. The effect of « stabilizing agents is
included in Equation 2.1 through the aluminum equivalence ([Alle, or AIE) [105].
The coefficient for the a-stabilizer Ga is taken as 0.5, based on the works of Shamblen
and Redden [106].

[Al]eq = 1.0[Al] + 0.5[Ga] + 10[0 + N] (2.2)

In general, a typical [Mo]e, value greater than 10 wt.% is considered sufficient to
decrease M, and therefore to enhance the [ phase stability upon quenching [107].
According to the [Mole, value, S-type Ti alloys can be classified as follows: a+03
for [Moleq < 5, near-f for 5 < [Moleq < 10, metastable 5 for 10 < [Mo]eq < 30 and
stable [ for [Moleq > 30.

D-Electron Concept

The d-electron alloy design concept was first proposed by Morinaga et al. [108]. The
concept is based on the following electronic parameters: i) mean bond order (B,),
a measure of the covalent bond between Ti and the alloying elements and ii) mean
d-orbital energy (M) [86]. Traditionally, high bond order elements (e.g., V, Nb, Cr,
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Mo) were the principally alloying constituents in Ti alloys. Recently, the effect of
other alloying elements (e.g., Fe, Cu, Ni, Mn) is also being screened. The B, and
My values can be used to predict mechanical, chemical properties and deformation
mechanism of the alloy [109]. Plots of B,—Mg, determined from experimental data,
haven been developed with the aim of predicting the effect of alloy composition on
deformation behavior (Fig. 2.12a). With increasing [ phase stability, reflected by
either an increase in B, or decrease in My, the deformation mechanism changes from
twinning and/or martensitic transformation to dislocation slip [110].
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Figure 2.12: (a) B,—M, and (b) e/a—Ar, plots showing regions of domi-

nant deformation mechanisms for solution-treated S-type Ti alloys (adapted
from Ref. [111, 112]).

Electron-to-Atom Ratio

Recently, a new semi-empirical approach has been designed [111], and then revised
and refined [112], for the prediction of the dominant deformation mechanism in /-
Ti alloys and it is based on the average electron-to-atom (e/a) and average atomic
radius difference (Ar,) (Fig. 2.12b). The electron-to-atom is defined as follows:

e/a = Xlce (2.3)

where n is the number of alloying elements, ¢; is the atomic fraction (at.%) of the
ith atom and e; is the number of valence electrons of the ith atom. The average
Ar, estimates the misfit in atomic size (Ar, = X (r;i — r1i), where r; is the atomic
radius of the ith atom and rp; is the atomic radius of Ti). The value of e/a rep-
resents the average quantity of electric charge of each positive ion, determined by
both attracting and repulsive Coulomb forces caused by surrounding electrons and
neighbouring ions. An increase in e/a means an increase in Coulomb forces, and
therefore a higher bonding strength among atoms, which consequently induces a
higher resistance to atomic movement and lattice shear. It is suggested that the
deformation mechanism of 5-Ti can only proceed by dislocation slip when e/a > 4.2
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and Ar, < -2.5, beyond this region, deformation occurs by twinning/SIM (stress-
induced martensitic transformation). An e/a value of 4.2 represents the boundary
above which Coulomb forces and metallic bond strength are too high for lattice
shear, and thus deformation can proceed by only slip. Besides, the 5 phase stability
is also observed to increase with e/a; Laheurte et al. [113] suggested that the value
of e/a = 4.2 is the lower limit for a stable 8 phase. For instance, this tool correctly
predicted the deformation mechanism of a series of Ti-25Nb-8Zr—(2-8)Cr alloys
[92]. The e/a has also been reported to be an additional factor that contributes to
low Young’s modulus in BCC Ti alloys [100].

The aforementioned alloy design methods are effective tools available for the re-
searchers, however each method has its own advantages and limitations. For in-
stance, the [Mole, method gives an indication about the range of 5 stability, but
makes it difficult to actually predict phases and properties. On the other hand, the
d-electron orbital theory is useful in the prediction of phases and properties, but
it necessarily needs experimental confirmation, moreover the effect of a stabilizing
agents should also be analyzed.

2.3.2 Ti—Nb Alloys

The great attractiveness of Ti—Nb alloys is due to their outstanding combination
of low elastic modulus, high biocompatibility and high corrosion resistance [33],
together with superelastic and shape-memory behavior [114-116]. Two stable solid
phases exist in the Ti-Nb equilibrium phase diagram (Fig. 2.13) and several metastable
phases can coexist depending on Nb content and processing conditions.

Nb content (at.%)

0 10 20 30 40 50 60 70 80 90 100
.I...;M\..IJ”..I\H\I\.“IHH\.H.I..HIHH
2400 - — stable a8 di
------ metastable w-p 92f2m

2200 !

[
2000 |
|
1800 — solidus

1600 — 1668 °C

©

=1

=1
|

Temperature (°C)

T T T s
80 90 100

60 70
Nb content (wt.%)

Figure 2.13: Stable and metastable Ti-Nb phase diagrams [117].
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Nb is a [-stabilizer and exhibits limited solubility in a-Ti and almost complete
solubility in 8-Ti [118], when the stable a—f phase diagram is considered. At very
low Nb content (< 6 wt.%), the HCP a-phase is stable at room temperature. The
[ phase can be fully retained at room temperature by rapid quenching for Nb
content above &~ 36 wt.% [119]. Depending on the stabilization degree of the high-
temperature parent solid solution BCC S phase, the following phase transformations
might occur upon cooling:  — o', § — ", § — w. The phases o’ (hexagonal,
P63/mmc) and o” (orthorhombic, Cmem) form martensitically from the S phase,
and their atomic rearrangements strongly depend on the stoichiometry of the parent
[ phase [120]. These two martensites and the w-phase compete to form in the
metastable BCC matrix. In addition to the o — [ allotropic transformation at
882°C, Ti exhibits a metastable transformation between hexagonal w-Ti and BCC
p-Ti at an estimated temperature of 485°C [121]. The metastable allotropic w—_3
transformation can give rise to the possibility for § to athermally transform into w
(Wath ), which is considered to compete with a” upon cooling. The w may also form
from the parent [-phase in a thermally activated manner, accomplished by solute
partitioning via diffusion, and is therefore referred to as isothermal w (wiso) [122].

Table 2.5: Crystal structures of stable and metastable phases of Ti.

Phase Bravais lattice Space group (No.)

B body centered cubic Im3m (229)

a/a’  hexagonal P6s/mmec (194)

o’ c-centered orthorhombic ~ Cmem (63)

w hexagonal P6/mmm (191)
a/a’ a”

a a b

In this sense, the studies conducted by Bonisch et al. [120, 123] have significantly
contributed to the field of 8 Ti—Nb alloys for bone implant applications, by explor-
ing a wide range of compositions (Nb content: 9 — 44.5 wt.%). Their studies aimed
at understanding the governing microstructural phenomena during heat treatments,
the formation and thermal stability of martensites (o’ and ) [123] and their grad-
ual structural changes upon Nb addition [120], phase transformations, precipitation
reactions and elastic properties in dependence of the Nb content [119, 124, 125],
lattice variations occurring during thermally-induced f — a’/a” martensitic trans-
formations [126]. In one of their most recent work, they exploited a novel approach
for the prediction of temperature-induced structural changes and phase transfor-
mations from the Gibbs free energy landscape and studied precipitation pathways
involving diffusion-mediated «” phases [127]. Their findings provide important in-
sights into the structural phenomena of S-type Ti-Nb alloys and have profound
implications for the development of new low-modulus alloys. Recently, Pilz et al.
[47] studied the influence of wi, precipitation aging on the deformation mechanism
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of B-Ti-40Nb alloy recrystallized and aged at 573 K for different times. The pres-
ence of wiy, (Fig. 2.14a), investigated by TEM, suppresses deformation twinning
and stress-induced martensitic transformation (SIM), because wjs, precipitates act
as obstacles for long-range martensite formation. Moreover, by acting on the aging
holding time, and therefore volume fraction of w;s, precipitation, the authors were
able to finely tune the resulting mechanical properties, with values of proof stress
in the range 410 — 900 MPa and values of Young’s modulus E in the range 70 — 95
GPa (Fig. 2.14b). The high Young’s modulus of 95 GPa of the alloy is due to the
intrinsic high Young’s modulus of w phase.
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Figure 2.14: (a) Dark field TEM image and corresponding selected area
diffraction pattern (inset) showing wis, phase formed in a recrystallized and
aged (573 K, 108 ks) Ti—40Nb alloy, and (b) variation of Young’s modulus
with aging time (adapted from Ref. [47]).

Stable and metastable phases of 5-Ti show different values of elastic Young’s modu-
lus (E) and yield strength (o), which are indeed greatly affected by crystal structure
and composition, and they range in the order [86]:

Es<Ey <Ey <E,<E, (2.4)
0o <03 <0y <0y <0y (2.5)

For load-bearing implant applications, it is fundamental to reduce the Young’s mod-
ulus to match the modulus of human cortical bone (Epon = 10 — 30 GPa), in order
to avoid bone resorption in the vicinity of the implant [33]. At the same time, it
is necessary to avoid a loss in strength in order to provide a balance between low
modulus and sufficient strength. In the work of Hanada et al. [128], the composi-
tion dependence between Nb content and Young’s modulus F was experimentally
demonstrated (Fig. 2.15). At low Nb content (< 5 wt.%), the Young’s modulus
of the a-type Ti-Nb alloy is close to the value of pure Ti (£ = 115 GPa). The
graph shows two minima at Nb content of approximately 15 wt.% and 42 wt.%,
where £ = 70 GPa and F = 60 GPa, respectively. Age-hardening by w precipita-
tion occurs at Nb content of =~ 36 wt.%, therefore increasing the value of E. The
second minimum corresponds to single-phase g Ti—Nb alloys with the lowest possible
Young’s modulus, where athermal w (wyy) is fully suppressed on quenching.
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Figure 2.15: Composition dependence of Young’s modulus with Nb con-
tent in the Ti-Nb binary alloy system (recreated from Ref. [128]).

Several alloy systems were developed with the aim of decreasing the Young’s mod-
ulus while suppressing w precipitation: ternary systems such as Ti-Nb—Zr [19, 129,
130], Ti-Nb-Mo [102], Ti-Nb-Sn [96, 99, 131], Ti-Nb-Ag [132], Ti-Nb-In [101,
133], Ti-Nb-Hf [134], Ti-Nb-Ta [135], quaternary systems such as Ti-Nb—Zr—Sn
[136], Ti-Nb-Ta~Zr [100, 137], Ti-Nb-Mo—Zr [138, 139], Ti-Nb—Fe—Zr [95], Ti-Nb—
Fe-Sn [95]. In the case of indium (In) alloying (up to 5.2 wt.%) to single-phase 3
Ti-40Nb alloy [101], the parent BCC lattice is observed to expand with In, both
experimentally and theoretically. The larger BCC unit cell volume contributed to
lowering the Young’s modulus (£ = 49 GPa). The great majority of newly developed
implant alloys with low Young’s modulus exhibit microstructures mainly consisting
of metastable 8 phase, obtained via homogenization treatment (solution heat treat-
ment and water quenching, STQ). Generally, the STQ condition of 3 alloys exhibits
the lowest Young’s modulus, but also the lowest strength (Table 2.4). Strategies to
improve strength of metastable 8-Ti alloys include solute strengthening by alloying
and strengthening by controlled precipitation of « and w particles [51, 86].

2.4 Current Trends in Metallic Biomaterials
with Antibacterial Properties

2.4.1 DMaterial-Based Solutions for Reducing Implant
Infections

Biomedical implants have largely increased life quality of millions of people across
the globe in the last decades, but infection risk increases alongside. Many implant
failures are due to suboptimal mechanics of the device (poor mechanical compati-
bility), to release of toxic ions (poor wear and corrosion resistance), and to implant-
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associated bacterial infections. Implant- or biomaterial-associated infections (BAI,
IAI) are the most frequent and severe complication occurring in all types of bioma-
terials (Table 2.6); for example, in the European Union alone, implant-associated
infections account for approximately half of all healthcare-associated infections (> 4
million/year) [10]. About 20% of all fatalities worldwide are caused by infection dis-
eases [140].

Table 2.6: Incidence of implant-associated infections for different implants
and devices, given over implant lifetime [7].

Implant Infection incidence
Prosthetic hip 2-4%
Prosthetic knee 3-4%
Fixation screw 5-10%
Tibial nail 1-7%
Dental implant 5-10%

Implant infections have an immense clinical incidence, associated morbidity and
mortality, and significant economic and social costs, shared across all categories of
medical devices. Increasing use of medical devices increases our life expectancy,
but exacerbates the mentioned problems. Specifically, permanent implants face two
major challenges: lack of native tissue integration and infections [7]. In spite of
ongoing advancements in surgical techniques, wound care and device design, and
booming growth in scientific publications, BAIs continue to be a significant prob-
lem in modern medicine and very few technologies actually found a real clinical
application [141]. Conventional antibiotic treatments often fail due to their low con-
centration at the infection site [142], moreover the presence of bacterial biofilms on
the implant surface further impairs antibiotic efficacy. Unfortunately, the lack of
a suitable treatment often leaves the extraction of the contaminated device as the
only option for eliminating the biofilm [143]. Therefore, great research efforts from
both medical and implant manufacturing communities have been focusing on the
development of new materials or coatings able to tackle BAIs.

The Bacterial Biofilm

A bacterial biofilm is a colony of bacteria embedded and protected by a self-produced
three-dimensional matrix of extracellular polymeric substances (EPS): proteins,
polysaccharides, lipids, extracellular DNA, water [144]. This 3D architecture gen-
erates a high concentration of available nutrients and reduced oxygen levels, which
contribute to the creation of a suitable microenvironment for biofilm growth [145].
Bacterial biofilms are responsible of 80% of human chronic infections [140]. This
is because bacteria in a biofilm are 600 times more resistant to disinfectants and
1000 times less vulnerable to antibiotics, compared with the planktonic counter-
parts. IAls are mostly caused by Staphylococci (S. epidermidis, S. aureus) and by
Streptococci, Gram-negative bacilli (P. aeruginosa, E. coli), enterococci and anaer-
obes (P. acnes). Staphylococci are generally the most common cause of orthopedic
implant infections [8, 146]. Fig. 2.16 shows the four stages of biofilm develop-

32



2.4. Current Trends in Metallic Biomaterials with Antibacterial Properties

ment on the implant surface, which is mediated and controlled by several factors:
surface properties (surface energy, hydrophilicity /hydrophobicity, functional groups,
micro-/nano-roughness, micro-/nano-porosity), environmental conditions (pH, elec-
trolytes, fluid viscosity, host proteins, biomolecules), and bacterial strain [147].
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Figure 2.16: Stages of biofilm formation [146] and implant surface prop-
erties affecting bacterial adhesion [147].

Race for the Surface

Implant microbial contamination is the prelude to implant-associated infections.
Over the years, it has been suggested that the fate of a biomaterial surface may
be conceptualized as a race for the surface [148]. Such concept describes the com-
petition between host cells and contaminating bacteria for the colonization of the
biomaterial surface (Fig. 2.17). If the race is won by the host tissue, then the
surface is occupied and defended, and is thus less prone to bacterial colonization.
However, if bacterial adhesion takes place before, host defenses cannot prevent the
surface colonization, biofilm formation and infection [8]. On a time scale, in the first
nanoseconds, the implant surface makes contact with water molecules of the biolog-
ical fluids first, then ions are adsorbed and, in few seconds, proteins cover the whole
surface [149]. In the time span of minutes to hours, different kind of cells approach
and adhere onto the surface. At the same time, bacteria compete with host cells for
surface colonization. Bacterial predominance typically results in biofilm formation,
which causes implant infection with consequent activation of immune host cells and,
if chronical, implant rejection. In the absence of skin-penetrating trauma, it is likely
that contaminating microorganisms have either entered the wound site, or attached
to the implant during surgery (perioperative contamination) or during hospitaliza-
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tion, before wound closure (early postoperative contamination) [7]. Causes are as
follows: implant surface, surgical equipment and theatre, coming from the patient
or contaminated disinfectants [150]. Therefore, no surgical theatre is truly sterile:
during a 1-hour standard surgery, the total estimated number of bacteria-loaded par-
ticles falling into the wound amounts to about 270 bacteria/cm? [7]. Sterile implant
surgery may be considered a myth, therefore there is a strong need for intrinsically
antibacterial implant materials.
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Figure 2.17: Scheme of the competition between bacteria and host cells
in the colonization of the abiotic implant surface, known as race for the
surface (reproduced from bioremia.eu).

Material-Based Bio-Engineering Strategies

An effective way to achieve improved biomaterials is to synergistically combine dif-
ferent design approaches and functionalities. It is essential to monitor and regulate
the events that occur on the implant’s surface. Possible strategies developed to
tackle IAls include inhibiting the adhesion of planktonic bacteria onto the implant
surface, preventing bacteria aggregation, and directly killing the bacterial cells. In
general, materials selection and design strategies can be grouped into the following
two macro-categories: (i) active and (ii) passive materials/coatings [151]. (i) Active
materials/coatings exert a local bactericidal activity, whose mechanism of action can
either be by agent-release or by contact-killing. Bactericidal agents include: antibi-
otics (e.g., gentamicin, amoxicillin, cephalexin, etc.), phytochemicals (e.g., phenolic
compounds, alkaloids, organosulfur compounds, etc.), nanoparticles (organic, inor-
ganic, hybrid), quaternary ammonium salts, antimicrobial peptides (AMPs), bacte-
ricidal polymers (e.g., chitosan, polypyrrole derivatives, etc.), and metal ions (e.g.,
Zn, Ag, Cu, Ga, etc.). (ii) Passive materials/coatings prevent bacteria adhesion:
antiadhesive polymers (e.g., PEG, PMMA, etc.) and antifouling nanotopographies.
On top of that, the active/passive antibacterial functionality can be implemented in
both bulk materials or surfaces/coatings, and both approaches have advantages and
disadvantages. While not claiming to be exhaustive, potential drawbacks of sur-
faces/coatings include a limited duration of the antimicrobial activity and coating
delamination. In comparison, antibacterial bulk materials (e.g., metals and alloys)
offer major advantages: long-term antibacterial activity, easy control and prepara-
tion, and no potential drug-resistance. However, some disadvantages should also
be considered: mechanical and corrosion properties are largely affected by alloying
elements, and potentially harmful metal ions can be released [151].
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The ideal strategy to fight biofilms consists in developing multifunctional materi-
als/coatings that mitigate and prevent bacterial colonization while promoting os-
seointegration, as schematically shown in Fig. 2.18. Both effects are necessary to
ensure long-term optimal functionality of the medical implant [152].

Antibacterial:

Contact Killing

Corrosion é s %WAY& Surface

Resistant o

Wear & Fatigue

233( Release of

Resistant Bactericidal Agents

7 8 \\

\ / N\ /| Anti-Adhesive

~ M| Coating

sl
Biocompatible

Low Young's
Modulus

Stimulation of |
Tissue Integration

030 High Strength

Figure 2.18: Ideal multifunctional implant material designed to simulta-
neously respond to several biological and mechanical challenges.

2.4.2 Antimicrobial Activity of Metals

Metals have been used as antimicrobial agents since ancient times, until approxi-
mately the discovery of antibiotics in the previous century. Now, with the incip-
ient threat of antibiotic-resistance, their use is undergoing a renaissance. Metals
and their compounds have a multitude of applications in industry, agriculture and
healthcare and can now be found in liquid formulations for hand washing, wound
dressings, medical devices such as catheters, antiviral filters, delivery systems, and
more [152]. These innovations were made possible following the discovery that some
metals effectively disrupt and kill antibiotic-resistant bacterial biofilms [153]. The
antimicrobial properties of metals have been documented in many works and con-
tinue to be the subject of thorough investigations with the aim of understanding
the mechanisms of toxicity and resistance. It is fundamental to mention that, gen-
erally, at high doses, metals are toxic to all cell types. However, certain metals can
discriminate between bacterial and eukaryotic targets, because both cell types have
divergent metal transport systems and metalloproteins [154]. Current knowledge is
already leading to the rational design of selective antimicrobial metal agents.
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Mechanisms of Metal Toxicity

Metal chemistry is essential in understanding the determinants of antibacterial tox-
icity. Metals are used not only in the bulk form, but also in the oxidized state,
coordinated to inorganic or organic anions. They have multiple sites of action in
bacteria, including essential proteins, nutrients, membranes and DNA. The most
pertinent determinants of antibacterial toxicity are (i) donor atom selectivity, (ii)
reduction potential and (iii) speciation [154]. (i) The donor atom selectivity is a
specific principle of donor ligand atoms (O, N, S) that show high affinity to specific
metals and selectively forms metal-ligand coordination complexes. The preferences
of donor ligands provide biomolecules like proteins with selection bias for the correct
metal needed for its proper function. However, not all biomolecules are able to prop-
erly discriminate, and many can bind metal ions or complexes with similar geometry
and electronic structure to the correct cofactors (e.g., Trojan Horse strategy, Sec.
2.4.3). This phenomenon was termed ionic mimicry or molecular mimicry. (ii) In
addition, metals can participate in redox reactions because they can accommodate
a variable number of valence electrons in their outermost orbitals. Their tendency
to acquire electrons is determined by the thermodynamic parameter reduction po-
tential, and largely influences reactivity towards biomolecules, and thus toxicity in
biological systems. Redox-active metals act as catalytic cofactors in a wide range
of enzymes, however not all metals are redox-active, and this is significant for tox-
icology and antibacterial ability. (iii) Moreover, metals can exist as a multitude of
different chemical species (speciation), with different solubility and reactivity, and
this is determined by various factors: pH, reduction potential, temperature and ionic
strength. Essential metals are never free inside a cell, but always bound to specific
enzymes, structural and storage proteins.

These determinants can contribute to understanding how specific metal character-
istics influence the mechanisms of metal toxicity, presented below, which often act
simultaneously to induce bacterial death [154].

* Reactive oxygen species (ROS). Some metal ions can lead to the production
of intracellular toxic ROS, which include the superoxide ion (Oy ~), peroxides
(H205), hydroxyl radical (OH"). These species are extremely reactive and can
further react with practically any biological molecules in the near vicinity via
hydrogen abstraction, leaving carbon-centered radicals. There are other pos-
sible reduction reactions in wvivo, including the reduction of disulfide bonds
and other protein-like molecules. Studies report that toxic doses of the fol-
lowing metal ions can increase intracellular ROS via Fenton chemistry: Fe(II),

Te(IV), Cr(VI), As(III), Cu(II), Co(II).

» Protein dysfunction and loss of enzyme activity. Functional groups of pro-
tein residues are susceptible to site-specific metal-catalysed oxidation, which
might cause loss of catalytic activity and trigger protein denaturation. As
an example, the following metal ions are able to damage Fe—S clusters of de-
hydratases (group of enzymes), independently of ROS: Ag(I), Cd(II), Hg(II),
Zn(II), Ni(IT), Pb(II), and Co(II).

» Impaired membrane function. The polymers constituting bacterial membranes
contain highly electronegative chemical groups which might serve as sites of
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adsorption of metal ions, leading to severe membrane damage, and conse-
quently bacterial death. Despite the difficulty to confirm whether membrane
disruption is a cause or a consequence of cell death, evidences were reported
for Ag(I), AI(IIT), Cd(IT), and Cu(II).

» [nterference with nutrient uptake. Starvation-induced growth arrest has also
been linked to metal toxicity. For example, Cr(IV) inhibits sulfate uptake in
S. cerevisiae, analogously, Ga(Ill) inhibits Fe(III) uptake in P. aeruginosa.

» Genotozicity. Several metal ions (Mn(II), Co(II), As(III), Cd(II), Mo(IV),
Cr(VI), and Sb(III)), together with some organomercury complexes, are mu-
tagenic in bacteria.

2.4.3 Gallium & Copper as Antibacterial Agents

Among the many antibacterial metals (Ag, Co, Cr, Cu, Fe, Ga Mn, Ni, Pb, Zn),
gallium (Ga) and copper (Cu) have shown a great potential in eradicating bacterial
biofilms [151, 155], and are the focus of the present research work.

Gallium

Gallium (Ga) is a silvery white metal of the main group 13 of the periodic table
with a melting point (7,,) of 29.8°C. Gallium compounds, many of which already
approved for clinical use, have been of great interest to the medical community for
several years. They have advanced in preclinical and clinical investigations and have
shown therapeutic and diagnostic activity in bacterial infections [156, 157], tumours
[158], inflammatory conditions [159] and in bone diseases, such as in the treatment
of hypercalcemia and osteoporosis [160] (Table 2.7).

Table 2.7: Gallium compounds in clinical use and in development [161].

Gallium compound Diseases investigated

15t generation (evaluated in clinical trials)

Ga nitrate, Ga chloride hypercalcemia, bladder cancer, lymphoma, lung cancer,
other cancers, microbial infections

27d generation (pre-clinical, Phase I and II clinical trials)

Ga maltolate hepatoma, lymphoma, microbial infections
Ga citrate microbial infections
KP46 lung cancer, melanoma, other cancers

374 generation (pre-clinical trials)
Ga-pyridine, -phenolate prostate cancer

Ga-thiosemicarbazones, various cancers
Ga-hydrazones, Ga-azoles,

Ga-thiolato, Ga-corroles

Ga-protoporphyrin

Chemically-resistant materials that can release Ga ions in a controlled way over
extended periods of time would be desirable for biomedical applications. The bio-
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logical features of Ga have piqued the curiosity of scientists, who have started to
explore them in various systems. Indeed, Ga-containing bioactive materials (Fig.
2.19) can be classified in glasses, ceramics, polymers, coatings, scaffolds, compos-
ites, and metallic alloys [162]. For instance, Ga-doped phosphate glasses exhibit,
by controlled ion release, significant bactericidal activity against S. aureus [163],
similarly, single-crystalline $-Ga;O3 nanorods generate sufficient ROS, by photo-
catalytic oxidation reaction, to efficiently kill E. coli and S. aureus, even better
than the antibiotic streptomycin [164].
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Figure 2.19: Gallium-bearing bioactive materials and their biomedical
applications (reproduced from Ref. [162]).

Gallium is one of the few metals that expands by approximately 3% as it cools down
and can diffuse into the lattice of many metals to form alloys: solder alloys [165],
Pu-Ga [166], Mg—Ga [167] and Ti-Ga [168, 169] alloys. Biodegradable Mg-Ga al-
loys have recently been the subject of a considerable body of literature regarding
their use in biomedical applications for bioresorbable implants that would gradually
dissolve as the healing process progresses. The investigations of Kubdsek et al. [170]
on Ga addition up to 7 wt.% in cast Mg—Ga alloys revealed a significant strengthen-
ing and hardening effect, due to different mechanisms: Hall-Petch hardening, solid
solution hardening and Mg;Gay precipitation hardening. Moreover, their studies
evaluated the biocompatibility of these alloys, and the presence of Ga did not result
in cytotoxicity. Biomedical Ti-based alloys containing Ga as alloying element will
be discussed in Sec. 2.5.
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Antibacterial Activity of Ga: the Trojan Horse Strategy

Gallium ion has recently emerged as a new generation of antibacterial agent that may
treat and prevent bacterial infections. Ga(III) possesses a potent growth-inhibitory
activity, both in vitro (on planktonic bacteria and biofilms) and in vivo against a
number of IAl-responsible bacteria [156] (Table 2.8). On the other hand, evaluating
the cytotoxicity of Ga(IlIl) is not straightforward, as it highly depends on Ga spe-
ciation. For example, gallium maltolate is well tolerated when orally administered
to healthy human volunteers, while showing cytotoxicity towards human carcinoma
cells [171]. Ga(NOs3)s is also very well tolerated up to 200 mg/m? per day for 5
days, even by elderly patients, when administered intravenously to treat hypercal-
cemia [158]. In vitro studies [172] using Ga(NO3)3 on rabbit bone cells, murine AW
264.7 (osteoblast-like), MC3T3-1 (osteoblast-like) showed no cytotoxicity up to 100
uM, which is, in certain cases, higher than the amounts needed to exert a powerful
antibacterial and antibiofilm activity. Further concerns about alloyed Ga cytotoxi-
city were clarified in the studies of Kubdsek et al. [170] on a series of cast Mg-Ga
alloys that showed no pronounced cytotoxicity on osteoblast-like cells at Ga concen-
tration below 310 ng ml'. The antibacterial activity of Ga against the dangerous
multidrug-resistant A. baumanii resulted incredibly strong, more than silver (Ag)
[173]. The study also showed that gradual release of Ga ions discourages implant
colonization and proliferation.

Table 2.8: In wvitro antibacterial and antibiofilm activity of gallium com-

pounds.
Mode of Microorganism Compound Inhibitory concentration (uM)  Ref.
growth
Planktonic A. baumanii Ga(NO3)s ICqy 2-80 [157]
P. aeruginosa Ga(NO3)3 ICqo 140 [157]
GaCls MIC 32 [157]
Ga citrate ICyg 20 - 40 [157]
S. aureus Ga citrate ICyg 320 - 5120 [157]
Ga maltolate MIC 140 — 8988 [157]
S. epidermidis Ga maltolate MIC 225 — 450 [157]
Ga citrate 1Coo 1280 - 2560 [157]
Biofilm P. aeruginosa Ga(NOg3)3 BIC 0.5 [156]
GaCls BIC 1 [156]
Ga citrate MBIC 10 [156]
S. aureus Ga maltolate MBIC 6741 — 13482 [156]
S. epidermidis Ga maltolate MBIC 211 - 6741 [156]

(ICqp: concentration that inhibits growth by 90%, MIC: minimum inhibitory concentration causing
no visible growth, (M)BIC: (minimum) biofilm inhibitory concentration)

The antibacterial effect of Ga is strongly related to its biochemical similarity to
iron (Fe). An unconventional approach to fight bacterial infections is to exploit nu-
tritional vulnerabilities of bacteria, and the iron metabolism is the main candidate
[174]. Iron is an essential nutrient for almost all pathogens, because it is necessary in
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enzymes mediating DNA synthesis, oxidative stress defense, electron transport, and
other key processes. The innovative antibacterial strategy consists in ‘tricking’ the
bacteria into assimilating a metal that mimics Fe, but cannot functionally replace it.
Ga(IIT) and Fe(III) are metabolically similar, because of similar properties: charge,
electronic configuration, coordination number, octahedral ionic radii of 0.62 A and
0.64 A, and tetrahedral ionic radii of 0.47 A and 0.49 A for Ga(IIT) and Fe(III) ions,
respectively. One distinct difference is that Ga(III) cannot be reduced under the
same physiological conditions as Fe(III), thus sequential redox metabolic reactions,
involving Fe(III) = Fe(II), are impaired. Hence, supplementation of Ga(III) can dis-
rupt bacterial Fe-dependent metabolic processes and can function as a Trojan horse,
as bacteria are unable to distinguish Ga(III) from Fe(III) [154]. Another remark-
able feature making Ga a valid candidate in antibacterial applications is its ability
to accumulate within the inflammatory sites [156]. Despite these positive aspects,
therapeutics targeting bacterial iron metabolism have not yet been developed nor
approved. The increasing availability of relevant in vitro and in vivo data suggests
that some Ga-bearing formulations could potentially represent a strong complement
and/or alternative to the use of conventional antibiotics and antimicrobials for the
treatment of bacterial infections on medical devices [156, 174, 175].

Copper

Copper (Cu) is an essential, yet toxic in high amounts, trace element that cannot
be synthesized by the human body, thus it has to be introduced by the diet: the
World Health Organization (WHO) recommends 2 — 3 mg every day in healthy
adults [176]. Cu plays crucial roles in growth and maturation of nervous, bone,
hematopoietic and other systems. Furthermore, being equipped with a high redox
potential, it functions as a cofactor and is required for structural properties and
catalytic activity of a number of important enzymes (e.g., cytochrome ¢ oxidase,
tyrosinase, etc.), and it is involved in a variety of biochemical reactions (e.g., cellular
respiration, connective tissue formation, iron metabolism, free radical eradication,
neurological function, etc.) [177, 178].

In view of the global escalation of antibiotic resistance, Cu fits as a powerful ally.
Numerous experimental studies have shown that Cu-bearing surfaces eradicated in
situ a large number of harmful seeded microorganisms (E. coli, S. aureus, etc.), fungi
and viruses [176, 179, 180]. Applications of antibacterial Cu range from water treat-
ment as well as pipelines, fabrics, transportation, healthcare, biomedical devices,
work surfaces, touch surfaces (e.g., in hospitals), and more [181-183]. Examples of
consumer products containing Cu as active bactericidal ingredient include: Cu tri-
ethanolamine (Pool Solutions® All Purpose Algaecide) and Cu mixed ethanolamine
chelates (Cutrine® Plus), Cu(I) oxide (Cupron® Technology), Cu powders (Cop-
percoat®) and Cu alloys (C’uVerm®, Microguard"). In recent years, a growing
number of researchers have tried to exploit the attractive features of Cu to create
new biomedical materials that are advantageous to the human body, based on the
significant roles that Cu plays in the body. In these regards, some reviews have
been published on Cu-containing glasses and ceramics [184, 185], polymer compos-
ites [186] and alloys [176, 187]. Cu-containing materials, including metal alloys, may
exhibit both biofunctionality and antibacterial activity, due to the biological activ-

40



2.4. Current Trends in Metallic Biomaterials with Antibacterial Properties

ity of Cu ions. For instance, numerous studies have proven the superior abilities
of Cu-bearing metallic biomaterials to protect the cardiovascular system [188, 189],
to promote osteogenesis [190], and to exert antimicrobial effects [179, 191]. The
antibacterial activity and cytocompatibility of Cu ions have been demonstrated in
vitro on several bacterial strains and cells, and numerous studies report inhibitory
concentrations against implant infections-relevant bacteria and tolerance levels for
cell viability [176, 192-194]. For instance, the threshold concentration of Cu ions
for effective inhibition against growth of S. aureus and E. coli is 37 uM, at higher
concentration, antibacterial activity could increase dramatically [96]. The same au-
thors reported toxicity tolerance levels (ICsq) for epithelial HUVECS, osteoblast-like
MC3T3-E1 and bone marrow rBBMSCs cells of 327.9 uM, 134.6 pM and 0.7 pM, re-
spectively, thus identifying a threshold concentration at which Cu shows outstanding
antibacterial activity without significantly affecting the bone cells viability.

Antibacterial Mechanisms of Cu

Many of the aforementioned antibacterial mechanisms have been proposed for Cu.
The most important and widely accepted explanation for Cu-induced cellular tox-
icity is based on the redox properties of Cu, in fact Cu ions, i.e., cupric Cu(II)
and cuprous Cu(I), participate in the production of ROS in a Fenton-type reac-
tion, which can severely damage proteins, lipids and DNA via oxidative stresses
[195]. The cupric ion, in presence of biological reductants (e.g., ascorbic acid,
glutathione), is reduced to cuprous ion, which is capable of catalysing the for-
mation of reactive hydroxyl radicals (OH') through the decomposition of HyOs,
a product of mitochondrial oxidative respiration, via Fenton-type chemistry [154]:
Cu(l)+H209 — Cu(II)+OH +OH". Furthermore, experimental studies confirmed
that both cupric and cuprous ions induce irreversible DNA damage and oxidation
of nucleobases via oxygen free radicals [192, 196]. The Cu-induced bacteria-killing
process consists of four steps [195]. The Cu is first released from the Cu-doped
surface/material. Second, the bacterial membrane breaks leading to a loss of the
cytoplasmic content (Fig. 2.20). The subsequent generation of ROS further dam-
ages the bacterial cells by interacting with proteins and lipids, and ultimately, DNA
fragmentation results in cell death. In general, the antibacterial properties of Cu are
mainly associated with the release of Cu ions, however, Cu interaction with bacterial
biofilms is very dissimilar from that with planktonic cells, and this is because of the
protective EPS matrix, whose production can be reduced by Cu [183].

Figure 2.20: TEM micrograph showing P. gingivalis bacterial cells treated
with a Ti-5Cu (wt.%) alloy. Arrows indicate membrane damage and release
of cytoplasmic contents (adapted from Ref. [193]).
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The studies of Liu et al. [193] demonstrated effective and sustainable antibiofilm
properties of a Ti-5Cu (wt.%) dental implant alloy against oral bacterial species
S. mutans and P. gingivalis. The developed alloy inhibited bacterial adhesion and
biofilm formation. Moreover, the same alloy was shown to be biocompatible, with
minimal release of Cu ions, well below the recommended daily intake, thus making
it a desirable material for future clinical applications.

2.5 Ga-/Cu-Bearing Ti Alloys

Regardless of the advantages of clinically used Ti-based bone implants (c.p. Ti and
Ti-6A1-4V), they are prone to bacterial adhesion and colonization, which result
in bacterial infections and eventual implantation failure. The design of new an-
tibacterial Ti alloys for implant applications is a research hotspot and antibacterial
elements (Ag, Zn, Cu, Ga, etc.) are being added to improve their performances. A
brief survey of the literature indicated that vast research has been focused on Ti-Ag
alloys. Nonetheless, they possess a significant disadvantage, which is the formation
of silver salts that could potentially enter the bloodstream and accumulate in differ-
ent bodily tissues, resulting in major medical issues; moreover, another significant
drawback that restricts its applications is that the antibacterial activity of Ag is
highly dependent to pH, humidity and temperature, more than other antibacterial
metals [197]. These limitations have encouraged researchers to focus on alterna-
tive antibacterial metallic agents. In particular, Ga- and Cu-bearing Ti alloys have
recently attracted significant interest due to their ability to, respectively, promote
long-lasting antibacterial activity and induce cellular proliferation and differentia-
tion of human osteoblasts, which can enhance the osseointegration of the implant
with the surrounding bone tissue [162, 195]. Therefore, the combination of Cu and
Ga in Ti alloys may have the potential to improve the clinical performance of im-
plants by reducing the risk of infection and promoting bone healing simultaneously.
Table 2.9 contains relevant properties of the pure elements Ti, Nb, Cu and Ga. Table
2.10 summarizes the most recent developments on antibacterial Ti alloys containing
Ga and Cu as minor alloying elements for biomedical bone-related applications. A
variety of methods, including conventional casting, powder metallurgy and additive
manufacturing, have been used to prepare new antibacterial Ti alloys.

Table 2.9: Physical and chemical characteristics of pure elements Ti, Nb,
Cu and Ga: atomic number Z, electron configuration, atomic mass A, den-
sity p, atomic radius r, [198], crystal structure at 20°C, melting temperature
T, and Young’s modulus E [199].

Electron A 0 Ta Crystal T E

Element Z configuration ~ (amu) (g/em®)  (A)  structure (°C)  (GPa)

Ti 22 [Ar] 3d? 4s? 47.87 4.51 1.46 HCP 1668 120.2
Nb 41 [Kr] 4d* 5s! 92.91 8.57 1.43 BCC 2468  104.9
Cu 29 [Ar] 3d10 4s! 63.55 8.94 1.28 FCC 1085  129.8
Ga 31 [Ar] 3d'° 4s% 4pt  69.72 5.90 1.39  Ortho.  29.8 9.8

42



2.5. Ga-/Cu-Bearing Ti Alloys

Table 2.10: Relevant Ga- and Cu-containing Ti alloys (in wt.%, unless
otherwise specified) for biomedical implant applications.

Alloy (wt.%) Preparation Microstructure ~ Bacterial / cell — Effect on Application Ref.
method strains bacteria / cells
Ga-bearing Ti alloys
Ti-8A1-38i-3Zr—  casting intermetallic, S. aureus / biofilm activity orthopedic  [200]
(1-20)Ga, eutectic-like hFOB, U20S reduced > 80% /
Ti-23Ga not cytotoxic
Ti—(2-10)Ga casting o L929, MG63 not cytotoxic dental [168]
Ti—Nbog—Gag casting and B + Wath shape- [114]
(at.%) post-treatment memory
Ti-Mos 7y~ casting and B+ a+a” shape- [201]
Ga(i_g) (at.%) post-treatment memory
Cu-bearing Ti alloys
Ti—(2-4)Cu casting and a + Tiz2Cu S. aureus AR > 90% orthopedic, [202]
post-treatment dental
Ti-5Cu casting and a + Tiz2Cu E. coli AR: 49.3 - 99.9%  dental [203]
post-treatment
Ti—(1-10)Cu casting and a + TiaCu + S. epidermidis  AR: 7 —46% dental [204]
post-treatment ~ TizCu
Ti-(5,10)Cu powder a + Tiz2Cu S. aureus AR: 50 — 99% orthopedic, [205]
metallurgy dental
Ti-10Cu powder a + TizCu S. aureus, AR > 99% bone [206]
metallurgy E. coli implant
Ti-57Cu powder Ti2Cu + TiCu  S. aureus, AR = 98% / orthopedic  [207]
metallurgy + TiCuz + E. coli /| MG-63 VR: 90 — 100%
TiCug + Ti2Cug
Ti—(5-15)Nb-5Cu powder a+ B + TioCu  S. aureus, AR 2 100% bone [208]
metallurgy E. coli implant
Ti-30Nb—(3— powder B + a + TizxCu bone (98]
10)Cu metallurgy implant
Ti-35Nb—7Zr—(4— powder a+ B+ TiaCu  S. aureus, AR: 95.5 -99.9%  bone [209]
13)Cu metallurgy + CuxZry E. coli implant
Ti-Nb1g—Cus_¢ casting and B+ o shape- [210]
(at.%) post-treatment memory
Ti—(6-24)Nb—(1- casting a+ B + TizCu dental [211]
4)Cu (+a” +w)
Ti-7.5Mo—-5Cu casting and a+ B+ Ti2Cu  S. aureus, AR: 55 - 96% / orthopedic ~ [194]
post-treatment E. coli / cytocompatible,
MC3T3-E1 induced osteogenic
differentiation
TNTZ—(1-10)Cu  casting and a + B + TizCu dental [212]
post-treatment
Ti-6Al-4V-5Cu  casting and a+ B + TiaCu  S. aureus / AR: 62.5 - 90.2% / bone [213]
post-treatment MC3T3-E1 RGR: 87.5 — 92.9% implant
Ti-6Al-4V—(2— additive a+ B+ TioCu  S. aureus, AR: 51.5-99% / bone [214]
6)Cu manufacturing E. coli /| BMSC RGR > 90% implant

(AR: antibacterial rate, RGR: relative growth rate, VR: viability rate)
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2.5.1 Ga-Bearing Ti Alloys

The use of gallium in dentistry has a long history, it was recommended as a re-
placement for toxic mercury in dental alloys as far back as the 1930s [168]. Indeed,
mercury-free Ga-containing alloys have been developed for usage in clinical settings
(e.g., Galloy®, Southern Dental Industries). Considering the aforementioned ben-
efits of Ti as biomaterial, the study of Ti-Ga amalgams for dental applications
became promising, also because Ti alloyed with Ga, according to the Ti—Ga phase
diagram (Fig. 2.21), has a comparatively lower melting temperature, which then
favours the casting procedure. Limited literature is available on Ti alloys contain-
ing Ga, mainly binary Ti—Ga alloys for dentistry (Table 2.10). Qiu et al. [168]
investigated the effects of Ga addition (up to 10 wt.%) on a series of as-cast binary
Ti-Ga alloys for dental applications. The microstructures of these alloys consisted
of single-phase «, and Ga addition improved tensile strength (up to 700 MPa) and
microhardness (up to 305 HV), as well as castability and corrosion resistance in
artificial saliva. Young’s modulus also gradually increased with Ga (E = 103 — 117
GPa). Besides, these binary Ti—Ga alloys showed no significant cytotoxicity on 1929
fibroblast cells and MG63 osteosarcoma cells.
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Figure 2.21: (a) Ti-Ga and (b) Nb-Ga binary phase diagrams, shaded
areas represent Ti- and Nb-rich sections, relevant for this work [215, 216].

The work of Cochis et al. [200] provides insights into the potential use of Ga-modified
(1 — 23 wt.%) cast Ti alloys for biomedical applications. While the article does not
provide a detailed microstructural analysis, SEM images reveal the formation of in-
termetallic phases with hexagonal symmetry and primary crystals following eutectic-
like phase. The authors demonstrated that Ga addition results in a time-increasing
and concentration-dependent antibacterial activity against various bacterial strains,
including S. aureus and P. aeruginosa (Fig. 2.22a). Interestingly, even small ad-
ditions of Ga resulted in a significant antibacterial activity, with Ga 1 — 2% alloys
reducing S. aureus biofilm viability by < 50%, which is considered the minimal
effective ratio to define a novel treatment as ‘antibacterial’. The addition of Ga
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20 — 23% was particularly effective and resulted in a 70 — 80% reduction in bacteria
viability. Metal ion release analyses failed to reveal any Ga ions in the medium, thus
suggesting that Ga release from these alloys is not effective, therefore, as alternative
explanation, the authors concluded that the observed antibacterial effect is due to
contact-killing. Furthermore, Ga addition did not result in any cellular toxicity to
human fibroblasts and osteoblasts (Fig. 2.22b), suggesting that the Ga-modified ti-
tanium alloys may be safe for use in medical implants, and therefore have potential
clinical relevance.

a) - S. aureus biofilm b). 4z U205
' viability = Polystyrene (cnt) ' direct assay
0,50 s TNZ-5i 0,45
#Ti-8AI-3Si-32r-1Ga 0.40
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Figure 2.22: (a) Antibacterial effect against S. aureus biofilm of Ga-
containing Ti alloys and (b) their cytocompatibility on human osteosarcoma
U208 cells (RFU: relative fluorescence units; adapted from Ref. [200]).

According to the author’s knowledge, a complete Ti-Nb—Ga ternary phase diagram
has not yet been reported, however there have been some experimental investiga-
tions, mainly for biomedical shape-memory implant applications: Ti-Nb(g24)~Gag
(at.%) alloys produced by casting with solution treatment at 1273 K [114, 217]. The
Ti-Nbis—Gas (at.%, or Ti-30Nb-2.5Ga wt.%) alloy was subjected to a solution-
treatment for 0.5 h, which resulted in a f+a” microstructure, and which ultimately
leads to shape recovery at RT. Similarly, the Ti-Nbyy—Gag (at.%, or Ti-38Nb-2.4Ga
wt.%) alloy was subjected to a longer solution treatment (2 h) and its microstructure
consisted of parent J phase and w,;;, phase. The alloy does not exhibit superelastic-
ity at RT, because the reverse martensitic transformation temperature is higher than
RT, but shows clear shape recovery. All these findings suggest that Ga-bearing Ti
alloys may be a promising approach for developing antibacterial implant materials,
even at low concentrations of gallium.

2.5.2 Cu-Bearing Ti Alloys

Cu-containing Ti alloys with inherent antibacterial effect have become an extremely
active area of study [192, 193, 218], moreover Cu has also been used for long time
as alloying element for dental casting alloys [219]. Cu was first added to Ti implant
alloys to improve their mechanical properties and casting ability [219], and then to
provide antibacterial properties [220]. A study [220] on Ti—(1,5)Cu alloys for the pre-
vention of pin tract infection demonstrated the enormous potential of Cu element
in the creation of anti-infection implant biomaterials, and it marked a significant
turning point for their development. Several more studies reported the powerful
antibacterial activity of these alloys, with antibacterial rates close to 100% against
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relevant TAl-responsible pathogens (Table 2.10). Ti alloyed with Cu has been re-
ported to exhibit interesting properties such as good mechanical performance [204],
good biocompatibility, and acceptable corrosion [221] and biocorrosion resistance
[222], which can be optimized by changing Cu content and processing routes. Many
Cu-containing Ti alloys were studied as implant materials: binary Ti—Cu [223], Ti—
6A1-4V—-Cu [213, 224, 225], ¢.p. Ti—Cu [202-204], TNTZ-Cu [212], Ti-Nb—Cu [77,
210, 226], and more. Major drawback is that excessive Cu addition (> 10 wt.%)
could lead to cytotoxicity [197], reduced corrosion resistance [205], reduced ductility,
and brittleness [204]. In view of these aspects, attentive microstructural design is
necessary in order to optimize the mechanical, corrosion and antibacterial properties
for the desired application.
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Figure 2.23: (a) Ti-Cu and (b) and Nb—Cu binary phase diagrams, shaded
areas represent Ti- and Nb-rich sections, relevant for this work. (c¢) Isother-
mal section at 850°C of the Ti-Nb—Cu ternary phase diagram [216, 227].

Interest in this alloy system was also prompted by the very active § — « transforma-
tion kinetics [228], which ultimately leads to fine tuning of resulting microstructural,
mechanical and corrosion properties. The binary Ti—Cu equilibrium phase diagram
contains several intermediate phases (i.e., TiCuy, TiCuy, TisCusz, TizCuy, TiCu,
TipCu) [229]. The Ti-rich section is shown in Fig. 2.23a. At approximately Cu
7 wt.%, the eutectoid reaction 3-Ti — a-Ti + Ti,Cu occurs, which has also been
observed in multicomponent Cu-containing Ti alloys. The binary Nb—Cu equilib-
rium phase diagram (Fig. 2.23b) is a simple peritectic type [230], and was described
with a substitutional solution model for the solution phase [231]. The Ti-Nb—Cu
ternary phase diagram (Fig. 2.23c) is complex with several intermetallic compounds
and solid solution regions. The phase equilibria of the Ti-Nb—Cu ternary system
at 600 and 700°C were recently investigated via thermodynamic modelling coupled
with experiments [232]. The solubility of Nb in the binary phases of the Cu-Ti
system and the solubility of Cu in the 5-(Ti,Nb) phase were measured to be less
than 8 at.%. The solid solution and intermediate phases were described by a sub-
stitutional model and sublattice model. Moreover, the authors determined a set of
thermodynamic parameters that were used to simulate the solidification behavior
under non-equilibrium conditions of the as-cast Cu—Ti-Nb alloys. The predicted
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microstructures were consistent with the experimental ones investigated by electron
microscopy and X-ray diffraction. The works of Takahashi et al. [211, 226, 233]
on a series of dental cast Ti-Nb—Cu alloys demonstrated the existence of several
microstructures (a, a+f, a+p+TiyCu, and in some cases also w and «”), depend-
ing on alloy composition. The resulting mechanical properties were also improved
by Cu addition, and the following hardening mechanisms were assessed: solid solu-
tion hardening of «, solid solution and precipitation hardening of a- and -phases,
solid solution hardening of 8 and precipitation hardening of 5 and w, solid solution
hardening and precipitation hardening of v and TiyCu.

The concentration and distribution of Cu in the alloy regulates the resulting mi-
crostructures, which include Cu-rich phases and Ti;Cu intermetallic compound, and
exert a great influence on the overall antibacterial performance. The intermetallic
compound Ti;Cu, which forms under equilibrium solidification conditions in binary
Ti-Cu alloys when Cu < 40 wt.%, plays an important role in antibacterial efficacy.
Some reports hypothesized that its antibacterial property is attributed to the re-
lease of Cu ions from the Ti;Cu compound (Fig. 2.24a), however this cannot easily
happen due to the strong binding force of Cu in the compound (ionic or covalent
bonding), compared to Cu atoms in solid solution (metal bonding) [197, 203]. So,
recent literature concludes that the Ti;Cu intermetallic compound exerts antibac-
terial activity mainly through the contact-killing mechanism, and partially through
ion release (Fig. 2.24b). In this case, the Ti;Cu particles prevent bacterial adhe-
sion, and thus inhibit biofilm formation, and the Cu ions coming from the bulk kill
planktonic bacteria near the surface.
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Figure 2.24: Scheme of existing forms of Cu in Ti alloys and their mech-
anism of action against bacteria: (a) Cu ions released from a solid solution
alloy, and (b) contact-killing and ion release from an alloy containing TisCu
precipitates (adapted from Ref. [197]).

This effect has been demonstrated in a work of Zhang et al. [234], where the number
of bacteria in suspension with a Ti-3Cu alloy (a+TiyCu) was as high as c.p. Ti,
however the bacteria in contact with the Ti-3Cu were totally killed. It was concluded
that the precipitation of nanoscale Ti;Cu significantly improves anti-adhesion and
anti-biofilm properties, as well as corrosion resistance. Both effects were explained
by proposing the formation of ‘micro-galvanic cells’ between the TiyCu intermetallic
compound and the surrounding Ti matrix, which create a charge transfer between
the phases that interferes with internal functions of bacteria, culminating in their
death [234]. The presence of TiyCu intermetallic compounds in a Ti-12Cu alloy can
also significantly increase tribocorrosion and wear properties, due to the increased
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resistance to plastic deformation [235].

The antibacterial activity of Ti;Cu also depends on its morphology, size and dis-
tribution, whose heterogeneous or homogeneous nucleation can be controlled via
different heat treatments processes, as demonstrated in a Ti—7.5Mo-5Cu alloy [194]
(Fig. 2.25). These findings show that homogeneously distributed nanoscale Ti;Cu
precipitates exert a more powerful antibacterial activity compared to the coarser
ones: 96% and 86% reduction rates, respectively, against S. aureus. The authors
suggest that metal-based nanomaterials, due to their extremely large surface areas in
relation to their size, are strategically advantageous as antibacterial and anti-biofilm
agents. Thus, the Ti,Cu intermetallic compound, formed in Ti—Cu alloys when Cu
< 40 wt.%, plays a significant role in the antibacterial efficacy. The combination
of nanograined structures with Cu represents a promising approach to control and
prevent bacterial infections in medical implants.
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Figure 2.25: Scheme of nucleation mechanisms of Ti,Cu nanoprecipitates
in a Ti—7.5Mo—-5Cu alloy subjected to different heat treatments, and result-
ing antibacterial properties (adapted from Ref. [194]).
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Chapter 3

Experimental Procedures

3.1 Materials & Experimental Workflow

3.1.1 Studied Materials

This chapter contains all the relevant information about the studied materials as well
as the experimental techniques used for their preparation, processing and charac-
terization. In the present work, a series of Ti—Nb alloys containing the antibacterial
alloying elements Ga and Cu has been studied. The selection of the Ti-Nb alloy
system was based on its significance as a prototype system that serves as the ba-
sis for several alloy formulations relevant for bone implants, distinguished by a low
Young’s modulus. The starting composition was the low-modulus single-phase 5 Ti—
45Nb (wt.%) alloy. Small amounts of the bactericidal elements Ga and/or Cu (up
to 8 wt.%) were added by casting methods to produce novel low-modulus Ti-Nb—
Ga/Cu alloys with potential antibacterial properties. The rationale for the selection
of the amount of antibacterial additions took into consideration the literature review
(Chapter 2) and is hereinafter summarized.

» Copper: additions to Ti alloys up to Cu 10 wt.% increase hardness, tensile
strength and Young’s modulus, but reduce ductility [205, 236]. In order to
prevent harmful effects to the human body, Cu less than 10 wt.% is recom-
mended [204]. Bolzoni et al. [237] recently reported that Cu content higher
than 7 wt.% can deteriorate corrosion resistance of Ti alloys. Regarding the
antibacterial properties, at least Cu 5 wt.% significantly increases antibacterial
activity (nearly 100% efficacy) against relevant pathogens (E. coli, S. aureus)
in Ti-Cu alloys [84, 238]. However, the antibacterial activity highly depends
on Cu form (if incorporated in solid solution or in intermetallic compounds,
e.g., TipCu) [197]. Xu et al. [194] reported the enhanced antibacterial proper-
ties of Ti alloys due to the higher volume fractions of Ti;Cu compound, which
may have a bacteria contact-killing effect. In addition, TisCu precipitates can
significantly improve wear resistance of Ti alloys [235].

» Gallium: metallurgical additions up to Ga 23 wt.% to Ti alloys resulted in
high cytocompatibility, with high viability and proliferation of human bone
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cells [200]. Tt was shown that minor Ga additions (1 — 2 wt.%) to Ti alloys
have highly efficient antibacterial activity without any visible cytotoxic effect
[200]. Ga addition up to 10 wt.% to cast Ti-Ga alloys increases strength,
microhardness and wear resistance of the alloys due to solid solution strength-
ening [168].

Taking into consideration all these aspects, the maximum amount of bactericidal
additions was limited to 8 wt.%. Increasing amounts up to 8 wt.% of Ga and/or
Cu were systematically added to binary Ti-45Nb via metallurgical route (controlled
casting). Nine alloy compositions have been studied in the present work:

* (100-x)(Ti-45Nb)—=xGa (where x = 2, 4, 6, 8 wt.%);
* (100-x)(Ti-45Nb)—xCu (where x = 2, 4, 6, 8 wt.%);
= 96(Ti 45Nb) 2Ga 2Cu.

The goal of this work is a fundamental study of the structural characteristics, me-
chanical properties as well as corrosion and tribocorrosion behavior in physiological
environment of the novel Ti-Nb-Cu/Ga alloys.

3.1.2 Experimental Workflow

An overview of the experimental workflow and methods used for the alloys’ charac-
terization is presented in Fig. 3.1.

After preliminary microstructural investigations on the alloys in as-cast (AC) condi-
tion, the focus was directed towards the materials in the homogenized state (solution-
treated and water-quenched, STQ), which exhibits better chemical homogeneity
compared to the AC state. One representative Cu-containing alloy composition
was selected for further thermal treatments (aging) to induce the precipitation of
antibacterial TisCu compound. The starting binary Ti—45Nb alloy is used as ref-
erence. Medical grade Ti-6A1-4V ELI (grade 23) is also used as further reference
material (Appendix D). The overall chemical composition of the as-cast rods was an-
alyzed with inductively coupled plasma - optical emission spectroscopy (ICP-OES)
and carrier gas hot extraction (CGHE). The experimental chemical composition
(Table 3.1) of the alloys does not differ from the aforementioned nominal compo-
sition, therefore the latter is used throughout the present work. Energy dispersive
X-ray spectroscopy (EDX) coupled with scanning electron microscopy (SEM) was
used to investigate the local elemental distribution. Microstructure of the alloys
was investigated and analyzed by X-ray diffraction (XRD), complemented by SEM
and electron backscatter diffraction (EBSD). The elastic properties were studied
by means of ultrasonic non-destructive methods and by means of microhardness,
uniaxial compression and tensile tests. Deformation behavior and phase stability
of strained samples was investigated by means of XRD and SEM-EBSD. Corrosion
and tribocorrosion behavior in simulated body fluids were evaluated by means of
open circuit potential (OCP) monitoring, potentiodynamic and potentiostatic po-
larization tests. Tribocorrosion tests were conducted during a 2-month research stay
(secondment) at INSA Lyon and Anthogyr S.A.S. (France).
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| Major Objective  |—

Development of novel low modulus B-TiNb alloys with minor additions of
Gallium and Copper for antibacterial load-bearing implant applications.

J

. ' Motivation & Strategies —

Drawbacks of current medical implants: Our strategies:
= Poor biocompatibility - Biocompatible metals: Ti, Nb

= High Young’s modulus (results in stress-shielding) > B-type Ti alloys (low Young’'s modulus)
= Inactive against pathogens (results in infections) > Antibacterial minor additions: Ga, Cu

| Experimental Workﬂow]—\

Alloy Design

9 alloy compositions:

= (100-x)(Ti—45Nb)-xGa (x
= (100-x)(Ti—45Nb)—xCu (x
= 96(Ti—45Nb)-2Ga—2Cu

2,4,6, 8 wt.%)
2,4,6,8wt.%)

Alloys’ Synthesis & Thermal Processing

Multi-step production process:

1. Arc melting (3x remelting)

2. Cold-crucible casting (cast rods: 2 = 10 mm, length ~ 100 mm)

3. Solution-treatment (1000°C, 24 h) & water quenching

4. Aging treatments (425°C or 640°C, 8h, furnace cooling, for one composition only)

Chemical Analysis
% = Global: Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES),
" Carrier Gas Hot Extraction (CGHE)
= Local: Scanning Electron Microscopy (SEM) -
Energy Dispersive X-Ray Spectroscopy (EDX)

Crystallography, Alloy Constitution & Thermal Stability
= X-ray Diffraction (XRD) & Rietveld Refinement

= SEM - Electron Backscatter Diffraction (EBSD)

= Differential Scanning Calorimetry (DSC)

Mechanical Characteristics & Deformation Behavior

) = Microhardness
@ = Ultrasonic Pulse-Echo Testing
- = Tensile & Compression Testing
= XRD & Rietveld Refinement (for deformed samples)

= SEM & EBSD (for deformed samples)

&

Corrosion & Tribocorrosion Resistance in Physiological Environment

= Tests performed in absence/presence of sliding wear:
Lo = Open Circuit Potential (OCP) monitoring
| L | = Potentiodynamic & Potentiostatic Polarization

= Metal lon Release:
(i) static exposure: ICP-OES
(ii) after tribocorrosion tests: ICP-MS (Mass Spectrometry)
\_ = 3D Confocal Microscopy (for worn surfaces) )

Figure 3.1: Schematic overview of materials and methodologies adopted
in the present work.
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3.2. Alloy Preparation & Chemical Analysis

3.2 Alloy Preparation & Chemical Analysis

3.2.1 Arc Melting & Induction Cold-Crucible Casting

Cylindrical rods of the nine alloy compositions were prepared using a two-step cast-
ing process: arc-melting and cold crucible casting.

The starting binary Ti-45Nb alloy (ASTM B348-13 grade 36) was purchased from
ATT - Specialty Alloys & Components, to which highly pure copper (99.9 %, Mess-
inghaus Rehlken Gmbh) and gallium (99.99 %, Haines & Maassen Metallhandelsge-
sellschaft mbH) metallic elements are added to achieve the desired nominal compo-
sitions. Button-shaped pre-alloyed ingots were manufactured in an arc-melter (ALD
Vacuum Technologies). Prior to melting, the recipient was evacuated to approxi-
mately 10° mbar and then filled with pure argon (Ar). A piece of titanium was
inserted in the chamber and liquefied with the aim of binding traces of oxygen. The
ingots were re-melted at least three times to attain chemical homogeneity. These
ingots were then cut into multiple pieces and transferred to the next device for the
second step of the casting process. The pre-alloyed ingots were then inductively
melted in an in-house built cold crucible device (Fig. 3.2a) in a contact-free manner
and cast into a water-cooled cylindrical Cu mold in a Ti-gettered Ar (99.998 vol.%)
atmosphere. All alloys in the present work were cast into cylindrical Cu crucibles of
10 mm diameter and approximately 100 mm in length. Fig. 3.2b shows an example
of rods obtained by this method. Before further processing and subsequent analyses,
the cone-shaped top part of the rod visible in the photograph was removed. More
than one rod for each composition was prepared. Casting devices were operated by
D. Sven and K. Baumgart (IFW Dresden). Fig. 3.2c shows samples prepared for
the different investigations described in this work.

& — R .

ICP-OES CGHE Corrosion Tribocorrosion

& lon Release

Metallic rod

e 100
SEM XRD Tensile & Compression Testing

.

Figure 3.2: (a) Cold-crucible casting device at IFW Dresden, (b) cast
Ti-based rods produced by controlled casting, and (c¢) overview of samples
(not in scale) prepared for the analyses described in the present chapter.
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3.2. Alloy Preparation & Chemical Analysis

3.2.2 Heat Treatments

Homogenization Treatment

All as-cast alloys were homogenized by a two-step heat treatment: solid solution
treatment (1000°C, 24 hours) and quenching in water (STQ). This is because cooling
rates during cold-crucible casting can result in segregation of the alloying elements
during solidification in the as-cast materials. For this procedure, the as-cast rods
were inserted in a quartz tube, which was evacuated and then filled with pure Ar
and sealed with a glass burner. Then, the tubes were put into a pre-heated furnace
at 1000°C for 24 hours, after which they were broken directly into water at RT.

Aging Treatments

Aging heat treatments were carried on a specific alloy composition (Cu 4 wt.%,
Chapter 7) to precipitate in a controlled manner a Cu-bearing phase, known for
its potential antibacterial properties. For this purpose, the homogenized rods were
encapsulated in Ar-filled quartz tubes and inserted into a pre-heated furnace at
425°C or 640°C for 8 hours, and then furnace cooled to RT.

3.2.3 Chemical Analysis

Elemental analysis of the as-cast rods was performed using ICP-OES and CGHE
methods. All results are listed in Table 3.1 and are based on three individual mea-
surements according to commercial standards. Since compositional changes were de-
tected to be negligible, the alloys are denoted by their nominal compositions (wt.%):
(100-x)(Ti-45Nb)—=xGa, (100-x)(Ti-45Nb)—xCu and 96(Ti-45Nb)-2Ga—2Cu. Based
on the experimental compositions, the electron-to-atom (e/a) was calculated for
each alloy as previously described. The global Ti, Nb, Ga and Cu contents and
possible contaminants (Si, Ta, Al, Fe) were analyzed by inductively coupled plasma
optical emission spectroscopy (ICP-OES) using iCAP 6500 Duo View. For all the
alloys, metal trace impurities are below 0.02 wt.% for Fe and below 0.1% for Ta,
Al and Si. The sums of the analyzed fractions deviate from 100%, this could be
attributed to a systematic uncertainty of the measurements. These results indicate
that the impurity levels are not a significant concern when comparing the alloys.
Interstitial impurities of oxygen and nitrogen were determined with a LECO ON836
carrier gas hot extraction (CGHE) analyser. Measured oxygen levels are within the
requirements of AMS 4907 (Ti-6Al-4V ELI, < 0.13 wt.%) and of ASTM F67 (c.p.
Ti grade 2, < 0.25 wt.%), which are alloys in clinical use. Oxygen and nitrogen
contents were analyzed on the as-cast materials only, because according to previ-
ous studies [117], they do not significantly change after solution-treatment. For the
analyses, carried out by A. VoB and H. BuBlkamp (IFW Dresden), samples were
extracted from the as-cast rods and ground with SiC paper on all sides to remove
the external oxide layer.
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3.3. Structural Investigations & Thermal Analysis

Table 3.1: Chemical composition (wt.%) and electron-to-atom ratio (e/a)
of the nine Ti alloys investigated in the present work.

Elemental content (wt.%)

Alloy e/a Ti Nb Ga Cu O N
. 53.61 43.86 1.99 0.099 0.002
98(Ti-45Nb)-2Ga 421 D07 o013 +o007 +0.010 =+ 0.001
. 52.58 42.77 3.87 0.111 0.004
96(Ti-45Nb)-4Ga 425 035 +o024  +005 +0.008 =+ 0.001
. 51.51 41.97 5.83 0.091 0.003
94(Ti-45Nb)-6Ga 423 1036 4033 4005 40015 =+ 0.001
. 50.23 41.03 7.89 0.088 0.001
92(Ti-45Nb)-8Ga 420 1050 4031 +012 +0.004 + 0.001
. 53.61 43.70 1.87 0.091 0.002
98(Ti-45Nb)-2Cu 4.24 + 046 4+ 0.41 +0.11 +0.010 =+ 0.001
. 52.84 42.45 3.95 0.095 0.002
96(Ti-45Nb)-4Cu 418 Toss 4057 +0.27 40006 <+ 0.001
. 51.22 42.03 5.62 0.109 0.005
94(Ti-45Nb)-6Cu 412 T0h0  +093 +0.52 40005 <+ 0.001
. 50.45 40.88 8.02 0.109 0.001
92(Ti-45Nb)-8Cu 404 oo Loss +049 +0.005 <+ 0.001

52.63 4291 2.01 1.91 0.100  0.002

96(Ti-45Nb)-2Ga-2Cu  4.21 +036 +035 £003 +0.04 +0.008 =+ 0.001

3.3 Structural Investigations & Thermal
Analysis

3.3.1 X-Ray Diffraction & Rietveld Method

X-ray diffraction (XRD) methods were used to identify and quantify crystalline
phases of the alloys. XRD analyses were performed with a STOE Stadi P diffrac-
tometer in transmission geometry using Mo K,; (A = 0.7093 A) monochromatic
radiation operated at 30 mA and 50 kV. The diffraction data were recorded in the
26 interval from 10° to 60° with step size of 0.010° and holding time of 90 s per step.
Metallic disk-shaped thin films (thickness ~ 50 ym) were prepared by wet grinding.

Diffraction patterns were analyzed by Rietveld method [239] using Malvern Pan-
alytical’s HighScore Plus software. Peak profiles were modeled using asymmetric
pseudo-Voigt shape functions. Background parameters, profile shape parameters
(peak positions, maximum intensities, full width at half maximum) and lattice pa-
rameters were refined simultaneously. Quality of fitting was evaluated by x? (chi-
squared) values and by visual inspection of calculated and experimental profiles.
Identification of crystalline phases is based on data from the International Centre of
Diffraction Data (ICDD) PDF2 database: ICDD no-04-017-4957 for g-Ti (BCC,
space group Im3m), ICDD no-01-071-4632 for a-Ti (HCP, space group P6s/mmc),
ICDD no-04-002-5027 for w-Ti (HCP, space group P6/mmm) and ICDD no-00-
015-0717 for tetragonal Ti,Cu (space group 14 /mmm).
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3.3. Structural Investigations & Thermal Analysis

3.3.2 Electron Microscopy

The metallographic characterization of the alloys was carried out by scanning elec-
tron microscopy (SEM). The SEM used in this work was a Zeiss Leo Gemini 1530
equipped with a Bruker Xflash 4010 energy dispersive X-ray spectrometer (EDXS)
and a Bruker eFlash HR electron back scattering diffraction (EBSD) detector. The
acceleration voltage was set at 20 kV. Different elemental composition areas were
detected in composition contrast mode (backscattered electrons) and specifically an-
alyzed using energy dispersive X-ray analysis. EBSD maps for average grain size
determination were collected with a step size of 2 um at magnification 50x. The
specimens for microscopy investigations were extracted from the rods, embedded in
a cold-hardening resin and polished with a colloidal suspension of SiOs (OPS).

3.3.3 Computed Tomography

X-ray absorption CT is a non-destructive imaging method which is used to analyse
the inner constitution of solid materials. Because of the production method of
the alloys, shrinkage casting defects occurring during the solidification process may
be present inside, especially in the innermost section of the rod. For this reason,
specimens for tensile and compression tests were all scanned to assess for their
structural integrity by recording 2-dimensional scans with a GE Phoenix Nanotom
M X-ray absorption CT device. Fig. 3.3 presents examples of test samples suitable
and not suitable for testing. For each sample, two radiographies were recorded
with GE Datos Acquisition 2.0 software after rotating the sample along the Z-axis,
chosen along the sample’s maximum length, of a 90°angle. The device, consisting of
a tungsten/diamond X-ray tube and a Cu-filter 0.3 mm thick, was operated at 140
kV and 100 pA. Voxel size of 3.33 um was kept constant for all scans.

a) b)

14.67 mm
6.0 mm

Tensile sample  Compression sample Tensile sample Compression sample

Figure 3.3: 2D radiographies of tensile and compression samples (a) suit-
able and (b) not suitable for testing because of structural defects, as indi-
cated by the arrows.
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3.4. Mechanical Characterization

3.3.4 3D Confocal Profilometry

These investigations were conducted during a secondment at Anthogyr S.A.S., France.
A non-contact S Neox 3D confocal optical profilometer equipped with a 20X Nikon

— EPI objective (resolution: 0.65 pm/pixel), driven by Sensomap standard (v. 6.7)

software, was used to analyse the wear tracks morphologies of the samples subjected

to tribocorrosion tests (Chapter 6). Total wear volume and average depth were eval-

uated as follows: i) the 3D topography of wear track and surrounding plane surface

is measured, ii) a mathematical reference plane is constructed from a least-square

fit of the plane surface around the wear track, iii) non-measured empty points are

refilled by nearest neighbours smoothing, iv) the total wear volume is computed by

subtracting the wear track topography from that of the modelled plane surface.

3.3.5 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was used to investigate thermal stability
and occurrence of precipitation reactions and phase transformations in Chapter 7.
Measurements were conducted with a Netzsch HT-DSC 404 device, with heating and
cooling rates of 10°C/min in a continuous argon flow (99.99 vol.%). Test samples
(mass = 30 — 70 mg) were cut by abrasive wheel saw and manually ground with fine
grit on all faces to remove surface contamination. Tests were repeated twice.

3.4 Mechanical Characterization

3.4.1 Ultrasonic Pulse-Echo Testing

Ultrasonic testing is a non-destructive method used to gain insight into the elastic
properties of a material. Measurements were performed with a computer-controlled
ultrasonic pulser-receiver device (Olympus 5900PR) in pulse-echo mode equipped
with a normal incident probe of 100 MHz (model V2012) and a shear probe of
20 MHz (model V222), which were used for the measurement of normal and shear
velocities of the wave, respectively. Parameters such as damping energy, signal
attenuation and gain were adjusted for each measurement in order to obtain the
maximum signal intensity. Two disk-shaped metallic samples (& = 10 mm, thickness
= 1.0 mm) per composition were tested and each sample was measured twice on
each side, at least 200 readings per side were collected. Measured acoustic transverse
Vr and longitudinal V7, velocities are used for the calculation of Poisson’s ratio v,
Young’s modulus EYS and bulk modulus KY%, as follows [240]:

1=2(Vy/Vp)?

YT (Ve V)2 (3-1)
EUS _ VL2P(1 ;_i/)y(l — 21/) (32)
KY = B(TE%) (3.3)
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3.4. Mechanical Characterization

3.4.2 Vickers Microhardness

Vickers micro-hardness (HV 1) measurements were performed on embedded and
mirror-like polished samples with a Vickers microhardness tester (HMV-2) with a
force of 1 N (100 gf) and dwell time of 10 s. At least 12 measurements were collected
at 12 chosen sites for each sample.

3.4.3 Uniaxial Tensile and Compression Tests

Deformation behavior was evaluated under uniaxial quasi-static tensile and com-
pressive loading. Tensile tests were performed up to fracture with a PC-controlled
minitensile testing module DDS2-System equipped with a 5 kN load cell and a
video-extensometer, controlled with VEDDAC software, under a constant tensile
speed of 1.375 um sec™ (strain rate: 3 - 10! s71). Compression tests were conducted
until failure or until 50% height reduction with a strain rate of 1 - 103 s using
an Instron 8562 testing machine. One sample for all the alloys was tested up to
~ T0% compressive strain. At least three samples of each composition were tested
for each method. Samples for both tensile and compression tests were extracted
parallel to the long axis of the rods using electrical discharge machining (EDM).
Prior to testing, all samples were X-ray scanned to check for structural integrity
(Sec. 3.3.3 for further details). Flat bone-shaped tensile specimens, with a total
length of 14.67 mm and a gauge length L, of 4.9 mm, were mechanically thinned to
0.75 (£ 0.03) mm in thickness. Shape and size of tensile samples are shown in Fig.
3.4a. Dimensions were chosen in order to respect the value of 5.65 for the ‘short’
proportionality factor k, calculated as ratio between L, and the square root of the
cross section Sy, which is given in DIN EN ISO 6892-1:2019 [241]. The samples per
se are not proportionality samples according to DIN, since the thickness is less than
3 mm. Cylindrical specimens for compression tests have a height (A = 6.0 mm) two
times larger than the diameter (¢ = 3.0 mm), in accordance to DIN 50106:2016-11
[242]. Both loading surfaces were carefully ground to be plane parallel.

a) b) stresso
Ours
-
D
1
. 14,67 _ o
, ' \a Y fracture
” )
=
% o
\
350 |,
E
4,59 .
- - / elastic energy &,
. 10,09 |
J :, strain €
0.2% offset

Figure 3.4: (a) Sketch of minitensile sample used for tensile tests (all
length values are given in mm). (b) Scheme showing how the mechanical
properties are determined from the tensile stress—strain curve.
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3.5. Corrosion, Tribocorrosion & Ion Release

The force-displacement responses were plotted in terms of engineering stress (o)
and engineering strain (¢) to calculate the desired properties. Young’s modulus
(E) in tension was measured from the slope at the initial stage before yielding.
Yield strength (o,'") and yield strain (ey) were determined by the 0.2% offset
method, given the fact that the yield point of some S-Ti alloys is not well defined.
Ultimate tensile strength (oyrs), fracture stress (o¢) and fracture strain (emax) were
also determined (Fig. 3.4b). Assuming a linear elastic region, the elastic energy 0.,
which represents the material’s maximum capacity to elastically absorb energy, is
approximated as the total area under the linear elastic regime in the stress-strain
curve, as follows:

1
5,3 = §O'y€y (34)

The strain hardening exponent n, which represents the balance between work hard-
ening and softening, was calculated from the true stress-strain curves according
to the power-law relationship, known as Hollomon equation [243], as suggested in
ASTM E646-16 [244], to describe the flow curve in the uniform deformation stage
before necking:

o = Kng (35)

where K is strength coefficient, o and e are true stress and true strain, respec-
tively. Compressive yield strength (o,°™P") was determined by the 0.2% offset
method.

3.5 Corrosion, Tribocorrosion & Ion Release

3.5.1 Electrochemical Methods

For corrosion and tribocorrosion studies, circular electrodes with a thickness of ~ 3
mm and diameter of 10 mm were extracted from the rods and embedded in cold-
hardening epoxy resin. Embedded samples were mechanically ground with P2500
silicon carbide emery paper and then rinsed in an ultrasonic bath of high purity
ethanol. The exposed circular surface area was estimated for each tested sample
from the optical micrographs using ImageJ software [245]. All tests were conducted
in air-saturated physiological phosphate-buffered saline solution (PBS, pH =~ 7.4,
composition: NaCl 140 mM, KCI 3 mM, phosphate buffer 10 mM, Merck KGaA).

Corrosion Testing

A conventional three-electrode setup, with a jacket for temperature control, was used
for corrosion assessment. Test sample (i.e., working electrode WE) was mounted
into an in-house built sample holder of appropriate diameter inserted in an Ametek
616 B rotating disk electrode device activated with a very low rotation speed (50
rpm) and immersed in the testing solution. Rotation assists in the prevention of
bubbles formation on the working electrode surface, which might cause unwanted
fluctuations in the measured current. A platinum (Pt) net was used as counter
electrode (CE) and a saturated calomel electrode (SCE, Egscg = +0.241 V vs. SHE
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3.5. Corrosion, Tribocorrosion & Ion Release

at 25°C) as reference electrode (RE). Measurements were started immediately after
sample preparation (several seconds). Electrochemical tests were carried out by
means of a Solartron SI 1287 electrochemical interface. Tests were conducted at
37.5°C. The pH was checked before and after every experiment.

The open circuit potential (OCP) was monitored for 4 hours. OCP variations of
less than 1 mV /min were considered acceptable to start the subsequent polarization
tests. Anodic polarization was started at -200 mV vs. final OCP value and increased
with a constant sweep rate of 0.5 mV /s up to a value of +1.0 V vs. SCE. Each test
was performed at least three times to verify the repeatability of the results. From the
polarization curves, the following parameters were determined: corrosion potential
(Ecorr) and corrosion current density (je-) by Tafel graphical extrapolation, and
passive current density (jpass)-

Tribocorrosion Testing

Tribocorrosion studies were conducted during a secondment at INSA Lyon (France).

Electrochemical Setup. A three-electrode setup was used for corrosion assessment
under sliding conditions. The setup consisted of the embedded specimen as working
electrode (WE), a platinum coil as counter electrode (CE) and a saturated silver
chloride (Ag|AgCl) electrode as reference electrode (Exgagci = + 0.197 V vs SHE).
The setup as described was connected to a Gamry ref 600 potentiostat, which was
controlled using Gamry Framework software.

Tribometer. The most commonly used methods to investigate tribocorrosion be-
havior of metallic materials are ball-on-disk, block-on-disk and pin-on-disk [68]. In
the present work, sliding tests were performed with a reciprocating pin-on-disk tri-
bometer. The tribometer has a fixed frame that holds the pin support, while the
stage holding the electrochemical cell is mobile (Fig. 3.5). The translation move-
ments and load, fixed at 5 N, were applied using a lifting table. Normal load and
shear force were measured by a three-axis strain gauge force sensor (Testwell). On
top of the sensors, the whole electrochemical cell was mounted and fixed in position.
The coefficient of friction (COF) was calculated by the ratio between shear force
and normal force. The horizontal displacement was driven by a linear DC motor
(H2W Technologies). Sliding displacement was set to 1.6 mm with a reciprocating
frequency of 0.5 Hz for 1800 seconds (2 seconds/cycle, which correspond to a dis-
tance of 3.2 mm/cycle) and sinusoidal waveform profile, for a total sliding distance
of 2.9 m. The tribometer was controlled by LabVIEW software, which allows real
time recording of normal force, tangential force and horizontal displacement. The
contact was defined by the Ti alloys as first body and a cylindrical () = 6 mm)
alumina (Al,O3) pin with a curvature radius of 26 mm (measured by profilometry)
as second body. This type of pin was selected in order to limit severe adhesive wear
typically occurring in metal-metal contact [246]. Moreover, mechanical properties
of the pin [247] are higher than the tested Ti alloys, therefore wear was exclusively
expected on the metal specimens. The pin was polished with SiC emery paper (grit
4000) before every test with an in-house built pin holder, designed to maintain the
same curvature radius. The tribometer operated integrated with the electrochemical
setup described above.
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RE (sat. Ag/AgCl)

Pin (Al203) cE (pt coil)

ZI moving stage /
«—
y WE (sample)

Figure 3.5: (a) Scheme of the tribo-electrochemical setup, (b) side view
and (c) top view (without pin holder) of the setup used during the second-
ment at INSA Lyon (France).

Tribo-Electrochemical (Tribocorrosion) Tests. Two types of tribocorrosion
tests were carried out while sliding against the pin: (i) OCP monitoring, and (ii)
current monitoring under applied potential (0 V vs last measured OCP potential
value). The first method simulates a real system, where the WE potential is con-
trolled only by the physiochemical properties of the surrounding solution and the
tribological conditions of the contact. The second method allows real time in situ
measurement of depassivation and repassivation kinetics. Tests were repeated twice.

(i) Open Circuit Potential (OCP) Tests. Initially, OCP was monitored in static
conditions for 3600 s, and subsequently with sliding for 1800 s to gain insights
on the OCP evolution under the applied 5N load. Sliding was then stopped
and OCP was further measured for 3600 s. Data collection frequency was set
to 10 Hz to ensure high resolution curves during sliding tests.

(ii) Potentiostatic Tests. After OCP stabilization for 3600 s, potentiostatic ex-
periments were performed at an applied anodic potential of 0 V vs OCP to
understand the mutual action of corrosion and wear during tribocorrosion.
This indicates that the final potential value at 3600 s after OCP monitoring
was chosen as applied potential for the subsequent potentiostatic test. Ini-
tially, current measurements were carried out without sliding for 300 s, after
which sliding took place for 1800 s. Sliding was then stopped and current was
monitored for 600 s more.

Quantification of Wear. In a tribocorrosion system, many degradation mecha-
nisms take simultaneously place contributing to material loss. According to Mis-
chler’s model [248-250], total volume loss ( Vi) is caused by a combination of me-
chanical wear (V,.), wear-accelerated corrosion ( Vi), and corrosion outside the
wear track (Vepem). Since the latter is negligible in passive alloys [250], V;, can be
expressed as follows:

Vtot = Vmech + Vwac (36)

Volume loss due to wear-accelerated corrosion (V) can be calculated using Fara-
day’s law (Eq. 3.7) from the average current during wear (%ye.). According to Eq.
3.7, excess current (i..) due to sliding at an applied anodic potential corresponds
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3.5. Corrosion, Tribocorrosion & Ion Release

to an equivalent oxidized metal volume ( Viq.):

iezc : trub : Mmol
Vwac = 3.7
e Fop (3.7)

where i, is excess current, t,., is rubbing/sliding time (always 1800 seconds in this
work), M, is alloy molar mass, n,, is charge number for the oxidation reaction,
F is Faraday’s constant (96485.3 C mol!), and p is density. Excess current g
is determined by subtracting the initial current (before sliding) from 4, This
calculation is required to discard the eventual contribution of current coming from
the sample surface around the wear track, which is anyway negligible as mentioned.
Average i.,. coming from two independent test under potentiostatic conditions is
used for the determination of average V.. Charge number n,, (or electron-to-atom
e/a) was calculated according to Eq. 2.3 (Ch. 2, Sec. 2.3), assuming the valence
oxidation states of 4, 5, 3 for Ti, Nb and Ga, and 3 and 5 for Al and V, respectively.
Value of i.,., and so volume loss due to wear-accelerated corrosion in OCP conditions,
can be also determined according to the galvanic cell model proposed by Vieira et
al. [251]. Corrosion potential determined by potentiodynamic tests in absence of
wear, cathodic kinetics, potential during rubbing, and anode-to-cathode area ratio
are all considered for the calculation of the anodic current flowing through the wear
track while rubbing:

Ecor’r - Ewear + Bc Aa

10g(ieac) = B, —log(7) (3.8)

where FE,,.. is corrosion potential, F,.. is potential attained during sliding, B,
and B, are Tafel constants graphically determined by linear regression from the
polarization curves, 4, is anode area (wear track), determined ez situ by 3D confocal
profilometry, and A. is cathode area, approximated as sample surface area. Total
volume loss V;,; is determined ez situ by 3D confocal profilometry. Thus, it becomes
possible to evaluate mechanical wear ( Vi,e), due to rubbing only, from Eq. 3.6, by
subtracting V.. from V.

3.5.2 Metal Ion Release

Metal ion release studies were conducted in two conditions: (i) static exposure to the
electrolyte (at IFW Dresden, Germany) and (ii) after tribocorrosion tests (during
secondment at INSA Lyon, France). In case (i), metallic samples are exposed to the
corrosive electrolyte for a certain amount of time, after which solutions are retrieved
and their ion content is measured by ICP-OES. In case (ii), ions released in solution
from the metallic samples during tribocorrosion tests are measured immediately
after the tests by ICP-MS (method available at INSA Lyon).

(i) Static Ezposure. For ion release studies in static conditions, metallic disk-
shaped ground samples (g = 9 mm, thickness = 2 mm) were immersed in 2
ml of PBS solution at 37.5°C. Metal ions released in the electrolyte solutions
were measured with an iCAP 6500 Duo View Inductively Coupled Plasma
- Optical Emission Spectroscopy (ICP-OES) device based on DIN EN ISO
10993-15:2009-10 [252], according to which 1 ml of solution per cm? of sample
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area is used. Each specimen solution, diluted 1:3 with distilled water, was
measured twice, and a mean value of the six measurements was determined
and reported. Three samples per material and three blanks were tested. The
concentration of released ions was calculated in relation to the exposed sample
surface in mmol cm™. Limits of quantification (LOQ) of the device for Ti and
Nb are at 7 - 10® mmol cm™, and for Ga and Cu at 2.5 - 107 mmol cm™2. Two

test types were performed:

» 7 days of exposure: samples are immersed in the electrolyte for a total of
7 days, after which the solutions are measured (one time point, studies
reported in Chapter 5).

» 14 days of exposure: samples are immersed in the electrolyte solution for
1 hour, 1 day, 3 days, 7 days and 14 days. After each time point, the
solution is collected, measured and replaced with fresh solution. This
procedure gives immersion times of 1, 24, 48, 96 and 168 hours (five time
points, studies reported in Chapter 7).

Testing was conducted by A. Vo8 (IFW Dresden).

(ii) After Tribocorrosion Tests. Metal ions released in the electrolyte solutions
after tribocorrosion tests were measured using an iCAP TQe Inductively Cou-
pled Plasma - Mass Spectrometry (ICP-MS) analyzer. For the analyses, 500
pL of the test solutions, coming from the sliding tests under OCP conditions,
were mixed with 49.5 mL of a nitric acid HNOj3 solution (2 - 4% v/v), such
dilution is chosen to minimize non-spectroscopic interference coming from eas-
ily ionizable ions such as Na and K, present in very large concentrations in
the electrolyte. Rhodium at 500 ppb is used as internal standard in order to
correct non-spectroscopic interference. The metal ions analyzed were Ti-48,
Nb-93 and Ga-71, which have detection limits of 21 ppt, 10 ppt and 2.7 ppt,
respectively. Fresh PBS solution was also measured as blank. Tests were
repeated twice, with solutions coming from two independent sliding tests. Re-
sults are reported in Chapter 6. The ICP-MS device was operated by Dr. K.
Perrin (INSA Lyon).

3.6 Statistical Analysis

Results in the present work are expressed as mean + standard deviation. One-factor
ANOVA analyses, followed by multiple comparison Tukey-Kramer post-hoc tests at
p = 0.05, were performed with JASP software [253]. A p-value < 0.05 is considered
statistically significant.
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Chapter 4

Comparative Study of Structural
Characteristics and Mechanical
Properties of Ga-/Cu-Containing
Ti—Nb Alloys

4.1 Chapter Overview & Aims

Medical implants technology requires highly performant materials for long-term suc-
cess. Mechanical biocompatibility is, among many, a key factor. This chapter ex-
plores the possibility of preparing low-modulus Ga- and/or Cu-bearing Ti-based
biomaterials intended for load-bearing implant applications. The influence of an-
tibacterial additions (Ga, Cu) on microstructure and mechanical behavior of the
alloys will be investigated.

In the present chapter, fundamental microstructural characteristics and mechanical
behavior of newly developed [-type Ti-45Nb-based alloys containing minor addi-
tions (up to 8 wt.%) of Ga and/or Cu are studied and discussed. Focus lies on the
effects of the alloying elements on the alloys’ properties. First, phase formation in
as-cast and homogenized (STQ; 1000°C, 24 h) states is investigated by X-ray diffrac-
tion and electron microscopy. Thereafter, influence of Ga and/or Cu on elastic and
plastic behavior, and their relationship with microstructure, are thoroughly investi-
gated by means of ultrasonic pulse-echo method, microhardness measurements, and
uniaxial tensile and compression tests. The chapter closes with a study on the effects
of compressive strains on the g phase stability.
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4.2 Microstructure of Alloys in As-Cast &
Homogenized State

As-Cast State

Preliminary microstructural investigations are conducted on the alloys in as-cast
(AC) state. X-ray diffraction (XRD) patterns of the nine AC alloys are shown
in Fig. 4.1a, compared to the reference Ti-45Nb. Only 3 (space group: Im3m)
diffraction peaks are detected for the four Ga-containing Ti alloys, for the mixed
alloy 96(Ti-45Nb)-2Ga—2Cu, and for the two Cu-containing Ti alloys with Cu 2 and
4 wt.%. The two alloys containing higher amounts of Cu (6 and 8 wt.%) exhibit
additional peaks indexed with the tetragonal TiyCu phase (space group: Ij/mmm)
(Fig. 4.1b), indicating partial decomposition of the § phase at high Cu content.
These results are consistent with the studies of Takahashi et al. [226] on a series
of as-cast Ti-(5-30)Nb—(2-10)Cu (wt.%) alloys for dental applications: the Cu 6
and 8 wt.% alloys exhibit a dual phase microstructure consisting of 8 and Ti,Cu
when Nb and Cu contents are greater than 30 and 7.5 wt.%, respectively. In the
present alloys, the volume fraction of the TiyCu phase, determined by analyzing
the area under the diffraction peaks, increases with Cu content: 3.0% and 7.6%,
respectively. Diffraction studies did not reveal presence of additional phases, such
as w or ’ martensite, which, if present, are in trace amounts below detection limit.
Results of XRD analyses are summarized in Table 4.1, together with calculated
lattice parameters for the detected phases.

Table 4.1: Detected phases and lattice parameters (ag) of the nine as-cast
alloys and the reference Ti—45Nb, determined from XRD patterns.

Lattice parameter (A)

Studied alloys Phase(s)

5] TisCu
ag a=b c
Ti-45Nb B 3.298
98(Ti-45Nb)-2Ga 8 3.297
96(Ti-45Nb)-4Ga B 3.296
94(Ti-45Nb)-6Ga B 3.301
92(Ti-45Nb)-8Ga B 3.287
98(Ti-45Nb)-2Cu B 3.303
96(Ti-45Nb)-4Cu B 3.301
94(Ti-45Nb)-6Cu B + TipCu  3.285 2943 10.784
92(Ti-45Nb)-8Cu B + Ti;Cu  3.289 2.943 10.770
96(Ti-45Nb)-2Ga—2Cu B 3.318
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Figure 4.1: (a) X-ray diffractograms of the nine as-cast alloys, and (b)
magnification of 26 region 15 — 41° of the patterns of the four Ti-Nb-Cu
and four Ti-Nb-Ga alloys, in logarithmic scale (on vertical axis) to amplify
low intensity reflections.
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4.2. Microstructure of Alloys in As-Cast & Homogenized State

Microstructures of the nine alloys investigated by SEM in backscattered electron
(BSE) mode are presented in Fig. 4.2. In BSE imaging, high atomic number (Z2)
elements tend to produce brighter regions in the image than low Z elements. This
is because high Z elements backscatter more electrons than low Z elements, and
therefore produce a stronger BSE signal. Therefore, the brighter regions may be
associated with high Z elements, whereas darker regions may be associated with
low Z elements. Dendritic structures, typical for cast alloys, are clearly visible, and
their different morphology and size are attributed to compositional variations and
different cooling rates upon casting. During cooling to RT, the melt enters the two-
phase (a+f3) region from the single-phase () region, leading to the formation of
Nb-rich dendrites (bright area, Zx, = 41), surrounded by a Ti-rich interdendritic
matrix (dark area, Zr; = 22), while Cu (Z¢, = 29) and Ga (Zg, = 31) are enriched
in the Nb-lean interdendritic region, mainly dissolved in Ti. The resulting com-
positional gradients are micrometer-scaled and can be imaged by spatially resolved
X-ray spectroscopy (e.g., EDX).

(100-x)(Ti—45Nb)-xGa

Figure 4.2: Backscattered electron scanning electron microscopy (BSE-
SEM) micrographs of the nine alloys in as-cast state.
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4.2. Microstructure of Alloys in As-Cast & Homogenized State

Elemental mappings confirming the previous statements are reported in Fig. 4.3a
for the two alloys with the highest amount (8 wt.%) of Ga and Cu, i.e., 92(Ti-
45Nb)-8Ga and 92(Ti-45Nb)-8Cu. EBSD and EDX analyses on Cu 8 wt.% alloy
confirm a two-phase microstructure consisting of f-phase matrix and TisCu inter-
metallic compound as fine micrometer-sized particles (Fig. 4.3b), whose calculated
lattice parameters (Table 4.1) are found to match with literature [254]. Elemental
analysis indicates a Ti:Cu ratio of &~ 2:1, which matches the compound stoichiom-
etry. Similar results were observed in binary Ti—Cu alloys with Cu content up to
10 wt.% subjected to aging treatments [203, 204]. Recent studies [194, 204] have
demonstrated the antibacterial ability of this particular compound, as a consequence
these findings expand the scope for further studies (Chapter 7).

a) 92(Ti-45Nb)-8Ga

' i Ti Nb Ga
Sy (@t%) (@t%) (at%)
bal. 221 76
bal. 222 75
bal. 349 4.1
bal. 307 43
92(Ti—45Nb)-8Cu
“ : Ti Nb Cu
(@%) (at%) (at%)
1 bal. 140 7.9
| 2 ba. 176 68
3 bal. 345 24
4 bal. 358 14
ps/eV.

= B-Ti = Ti,Cu o Quantification:

Ti =61.6at.%

Cu=234.0at%

»

Energy [keV]

Figure 4.3: (a) EDX mappings showing spatial distribution of Ti, Nb
and Ga/Cu for 92(Ti-45Nb)-8Ga and 92(Ti-45Nb)-8Cu alloys in as-cast
state. Bright areas contain higher concentration of the element indicated.
Quantification results of point analysis, as indicated by the arrows, are
reported in the two tables. (b) EBSD phase map and EDX spectrum of
TiyCu precipitate in 92(Ti-45Nb)-8Cu alloy.
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4.2. Microstructure of Alloys in As-Cast & Homogenized State

Homogenized State

In order to produce structurally homogeneous microstructures, the as-cast rods were
subjected to a solid solution treatment at 1000°C for 24 h and water quenched
(STQ). Heating the dendritic microstructures previously shown at temperatures
above f-transus eliminates the chemical fluctuations, as shown in Fig. 4.4.

4 As-cast (AC) state 4 Homogenized (STQ) state )

e 3

s

92(Ti—45Nb)-8C

j
_ e
- ( ) J

92(Ti-45Nb)-8Ga 92(Ti-45Nb)-8Ga

Homogenization

treatment
(1000 °C, 24 h, WQ)

Figure 4.4: EDX mappings on 92(Ti-45Nb)-8Cu and 92(Ti-45Nb)-8Ga
alloys showing elemental distribution of Nb and Cu/Ga before and after
homogenization treatment. Bright areas contain higher concentration of
the element indicated.

The main structural constituent in all alloys in STQ state is single-phase 3, as
demonstrated by the X-ray diffractograms (Fig. 4.5a). Solution-treatment guaran-
tees also dissolution of the Ti,Cu phase, where present, thus leading to homogeneous
single-phase § microstructures, indicating that all alloying elements are in complete
solid solution with Ti and are capable of forming a metastable 8 phase. This is
attributed to the high [S-stabilizing effect of Nb, despite Ga being an a-stabilizer
and Cu being a [-eutectoid stabilizer. In particular, when Nb content is greater
than 40 wt.%, a single-phase 3 is formed in rapidly quenched Ti-Nb alloys [6]. The
magnified inset of the (110)s Bragg peak (Fig. 4.5b) shows only the f reflection,
and no other reflections. The relatively high intensity of this peak is due to the ex-
istence of a preferred crystal orientation, and the (110)4 crystal plane is preferred in
BCC crystal system. It is noted that /3 reflections have shifted to higher angles (26),
compared to Ti—45Nb. The shift in peak position is consistent with the decrease
in the calculated lattice parameters (Fig. 4.5¢). Solution-treatment also affects lat-
tice parameters, with an average decrease of = 0.3% compared to AC state, due
to lattice relaxation and reduction of casting residual stresses. The variations in
peak positions and intensities suggest that the lattice parameters are sensitive to
Ga and/or Cu content in Ti-45Nb, revealing an almost linear lattice contraction
upon their addition. The decrease in unit cell volume of Ti—45Nb upon substitution
of Ti and Nb with Ga and/or Cu is due to the smaller atomic radius of these two
alloying elements.
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Figure 4.5: (a) X-ray diffractograms of the nine homogenized (STQ)
alloys and Ti-45Nb alloy, (b) magnification of (110)s diffraction peak
(shaded area), and (c) variation of the calculated cubic lattice parameters ag

(adapted from Ref. [255]).

Fig. 4.6 shows the microstructures obtained after [-solutionizing and quenching,
which consist of coarse equiaxed (-grains of consistently different grain sizes (equiv-
alent diameter dg.;,). Ga-bearing alloys exhibit an average dg, in the range of
55 — 141 pm, Cu-bearing alloys of 215 — 347 um, the quaternary alloy of 90 pm,
and Ti-45Nb of 154 pm. The grain refinement effect observed in the Ga-bearing
alloys, where dgqin = 9 — 65% smaller than Ti-45Nb, can be attributed to Ga solute
atoms, which act as pinning points of grain boundary motion, thus slowing down
grain growth during casting and solution-treatment.

In conclusion, XRD and SEM analyses demonstrate that all the alloys in STQ state
exhibit a single-phase BCC § microstructure, in which all alloying elements (Ti, Nb,
Ga and/or Cu) are in solid solution.
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4.3. Effect of Antibacterial Alloying Additions on Microhardness & Strength

(100-x)(Ti~45Nb)-xGa

(100-x)(Ti~45Nb)-xCu

Figure 4.6: SEM micrographs showing the microstructures of the alloys
in STQ state.

4.3 Effect of Antibacterial Alloying Additions on
Microhardness & Strength

Fundamental understanding of mechanical behavior is a key aspect of material de-
sign. In order to evaluate the effect of alloying elements Ga and/or Cu addition to
Ti-45Nb in terms of mechanical response, the mechanical behavior is investigated
by means of microhardness, tensile and compressive tests, and ultrasonic tests (the
latter presented in the next section). A thorough comprehension of the interplay be-
tween hardness and strength is important for a variety of reasons: reliable hardness-
strength correlations ensure prompt evaluations of the mechanical characteristics of
a newly developed material.

Microhardness is a relevant characterization parameter, as it offers an overall mea-
sure determined by factors such as solid solution strengthening, strain hardening
and microstructural refinement. In contrast to stress-strain tests, only a limited
amount of material is needed for such testing methodology, therefore preliminary
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4.3. Effect of Antibacterial Alloying Additions on Microhardness & Strength

microhardness evaluation is also conducted on alloys in as-cast state (Appendix B,
Fig. B1). Experimental microhardness values on STQ alloys are reported in Fig. 4.7
and listed in Table 4.2. The microhardness of the Ga-bearing alloys increases with
Ga addition, from 174 HV 7 (Ga 2 wt.%) to an average value of ~ 228 HV; for
Ga 4, 6, and 8 wt.%. Cu addition leads to a higher and almost linear increase, with
values in the range 184 — 290 HV (1, while the quaternary alloy exhibits an interme-
diate value of 202 HV ;. Generally, alloying Ga and/or Cu leads to a widespread
significant increase of 19 — 97%, compared to Ti-45Nb (HV, = 147). The absolute
highest value of 290 HVy; was measured for 92(Ti-45Nb)-8Cu alloy.

350
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T
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B 200
[
=
©
-§ 150 B
5 O Ti—45Nb
= 1004 @ (100-x)(Ti-45Nb)-xGa
—A— (100-x)(Ti~45Nb)-xCu
& 96(Ti~45Nb)-2Ga—2Cu
0 T 1 | 1 T

0 2 4 6 8
Content of Ga and/or Cu (wt.%)

Figure 4.7: Variation of microhardness HV; with Ga and/or Cu content.

Before starting the mechanical stress-strain tests, it was essential to evaluate the
specimen’s structural integrity, because the presence of defects has inevitably an
impact on the sample’s mechanical behavior. During casting, solidification causes
volumetric shrinkage and porosity. For this reason, all tested samples were previously
scanned by 2D computed tomography (CT), in order to ensure data validation and
reproducibility (Ch. 3, Sec. 3.3.3 for further details).

The engineering stress-strain curves under quasi-static uniaxial tensile and com-
pressive loading are shown in Fig. 4.8 and Fig. 4.9, respectively. The resulting
mechanical properties (Young’s modulus E, yield strength in tension o', ulti-
mate tensile strength oyrg, fracture strength o, maximum strain at fracture ey,
elastic energy d., and yield strength in compression o,°™") are listed in Table 4.2.
The two Cu-bearing Ti alloys with Cu 6, 8 wt.% were excluded from the tensile
tests, as they could not be machined (Appendix C, Fig. C1), very likely due to the
high porosity of the rods. Such drawback is also responsible for the considerably
high standard deviation for the same two alloys tested in compression.

Tensile Tests. All tensile stress-strain curves exhibit a distinct yield drop from
the upper yield point (UYP) to the lower yield point (LYP), clearly separating
the elastic and plastic regimes, which is more pronounced for 94(Ti-45Nb)-6Ga,
92(Ti-45Nb)-8Ga, and 96(Ti-45Nb)-4Cu alloys, as indicated in Fig. 4.8. Distinct
yield point is a typical feature of heavily stabilized (-type alloys, which are me-
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4.3. Effect of Antibacterial Alloying Additions on Microhardness & Strength

Table 4.2: Mechanical properties determined from microhardness mea-

surements, tensile and compression tests.

Tension Compr.
Alloy HVy 1 E o' oyurs o Emax O g, comPr
(GPa) (MPa) (MPa) (MPa) (%) (MJm3) (MPa)
. 147 64 423 426 6 22 1.90 386
Ti-45Nb +3 +2 +5 +5 +2 +2 +0.08  +17
. 174 73 551 556 80 18 2.63 548
98(Ti-45Nb)-2Ga +3 +3 +3 +6 +3 11 +0.11  +37
. 226 77 681 675 485 17 3.66 607
96(Ti-45Nb)-4Ga +3 +3 +8 +8 + 23 42 +017 417
. 228 78 602 606 373 30 2.92 604
94(Ti-45Nb)-6Ga +3 +3 + 10 +9 + 36 42 +0.09 418
. 232 82 620 618 407 32 2.95 568
92(Ti-45Nb)-8Ga +5 42 +2 +5 447 +3 +0.06 412
. 184 75 547 548 96 13 2.40 487
98(Ti-45Nb)-2Cu 44 +9 +9 +9 + 40 42 4007  +11
. 223 73 539 544 83 28 2.51 525
96(Ti-45Nb)-4Cu + 4 + 2 + 10 + 10 +19 +3 +0.05 +14
. 268 .. . . 622
94(Ti-45Nb)-6Cu L5 Machining of tensile samples not possible L 124
92(Ti—45Nb)-8Cu 3:9(5) Machining of tensile samples not possible £34%l
. 202 78 596 612 309 22 2.86 729
96(Ti-45Nb)-2Ga-2Cu T 42 + 10 411 437 12 4007 429

chanically stable against stress-induced o” martensite formation at RT [256], on
the other hand, the absence of distinct yield points is typical of martensitic alloys,
where the elastic-plastic transition is continuous [124]. A similar phenomenon has
been observed for other alloys (Al-Mg [257], Cu—Zn [258], mild steels [259], and
Ti-Nb-based gum metals [260]), and it was attributed to strain aging, which occurs
when solute atoms interact with moving dislocations, slowing down the motion of
dislocations and then resulting in an increase in tensile strength and subsequent
decrease in ductility. Yield strengths in tension for the Ti-Nb—Ga alloys are in the
range 551 — 681 MPa, for Ti-Nb-Cu alloys in the range 539 — 547 MPa and for
the quaternary alloy of 596 MPa, thus with an increase of 30 — 60%, 27 — 29% and
41% respectively, compared to the reference Ti-45Nb (o' = 423 MPa). These
values are comparable with those of similar S-type Ti alloys, as reported in Table
2.4 (Ch. 2, Sec. 2.3), and in some cases higher than the S-type Ti-Nb—In alloys
[101] previously developed, where compressive yield strengths were in the range
511 — 568 MPa. The developed alloys display significant plasticity in tension, with
maximum elongation at fracture (e,.x) that, in some cases, is significantly higher
than the reference alloy. The alloy 92(Ti-45Nb)-8Ga has the highest ductility of
32%. When the amount of alloying elements Ga and/or Cu is > 2 wt.%), it is possible
to observe a long plateau with limited strain hardening after the yield drop. Because
of this behavior, oyrs values are similar to o,""*. Fracture strength (o) values also
show a considerable increase compared to Ti-45Nb, confirming the strengthening
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Figure 4.8: Engineering stress-strain curves in tension of the nine devel-
oped alloys in STQ state. Insets: magnification of the linear elastic region
(adapted from Ref. [255, 261]).

behavior discussed on the basis of the stress-strain curves. The ability of a material
to release absorbed energy upon unloading, known as resilience, is measured by the
elastic energy (d,), calculated by taking the yield strength as elastic limit (Ch. 3,
Sec. 3.4, Eq. 3.4). Elastic energy J. also significantly increases: 39 — 93%, 26
~ 32% and 51% for Ti-Nb-Ga, Ti-Nb-Cu and the quaternary alloy, respectively,
compared to Ti—-45Nb, suggesting greater capacity of the novel alloys to bear load
before permanently deforming. Young’s modulus, determined from the linear elastic
region of the stress-strain curves in tension, will be discussed in the next section.

Compression Tests. Stopping criterion for compression tests was 50% strain,
as all the samples did not fracture during testing (Fig. 4.9). Nonetheless, it is
noteworthy to report that when Cu content exceeds 6 wt.%, the tested samples
do exhibit signs of cracking, which however occurs too slowly to be visible on the
stress-strain curves. This is probably due to the very coarse microstructure, which
is typical for the two alloys with the highest amount of Cu. As it is possible to infer
from the curves, all alloys display very large compressive deformability, exceeding
50%, suggesting excellent workability. Yield strengths in compression (o,“™") also
exhibit a considerable increase of 42 — 57%, 26 — 65% and up to 89% for Ti-Nb-Ga
alloys, Ti-Nb—Cu alloys and the mixed alloy, respectively, compared to Ti—45Nb
(oy™P" = 386 MPa). Interestingly, some differences in the yielding behavior in
tension and compression can be observed: the aforementioned distinct yield point
seems to come less in compression, and is therefore replaced by continuous yielding,
when Ga content is > 4 wt.% and in the Cu-bearing alloys. These aspects are
further investigated in Sec. 4.6. Continuous yielding phenomenon, virtual absence
of Hookean (linear) ideal elastic behavior and error sources inherent to compression
testing make evaluation of Young’s modulus susceptible to various inaccuracies, in
particular the stress interval selected for its calculation. For these reasons, FE is
determined by two other methods, as described in the next section.
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Figure 4.9: Engineering stress-strain curves in compression of the nine
developed alloys in STQ state (adapted from Ref. [255, 261]).

Altogether, these results suggest that it is possible to achieve enhanced mechanical
properties, such as simultaneous combination of high strength and large plasticity,
by properly tuning the alloy composition without further processing, while retaining
the desired single-phase [ microstructure.

4.4 Variation of Young’s Modulus with Ga and
Cu Addition

Given the significance of elastic properties (e.g., Young’s modulus E) of materials for
engineering and medical applications, it is not unexpected that several experimental
approaches have been established to evaluate them. Dynamic methods (e.g., pulse-
echo) enable substantially higher precision than quasi-static methods such as tensile
and compressive testing [262]. Pulse techniques are based on the measurement of
transit time of the ultrasonic pulse through the specimen. Both approaches require
carefully prepared samples with parallel, flat and smooth surfaces as well as no
surface or bulk defects in order to get accurate results.

Fig. 4.10 presents the variation of E with alloying content determined by two
methods: pulse-echo ultrasonic (EY®) and tensile testing (E). The reference Ti-
45Nb alloy shows the lowest value of 63 — 64 GPa, in agreement with the supplier
technical data sheet and literature [124]. The four Ga-containing alloys exhibit an
almost linear increase of both £ and EYS with Ga content, with F ranging between
73 — 82 GPa and EYS between 64 — 79 GPa, which are up to 28% higher than Ti-
45Nb. Cu addition also leads to a significant increase in Young’s modulus, however
some discrepancies are present between methods. The two methods well agree for
the alloy with Cu 2 wt.%, the first discrepancy can be observed in the alloy with Cu
4 wt.%, where E is 73 GPa and EYY is 98 GPa. In the other two alloys, where Cu
content is 6 and 8 wt.%, EVS is greater than 100 GPa. The distribution of the results
for these alloys is broader than for the other alloys, as indicated by the error bars. It
is noteworthy to mention that discrepancies systematically increase with structural
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Figure 4.10: Variation of F determined from dynamic pulse-echo method
and from tensile stress-strain curves.

heterogeneities such as grain size, microcracks and porosity, major limits of the
developed Cu-bearing alloys. Indeed, the scattering of ultrasounds in contact with
structural defects, as for the Cu-bearing alloys, causes attenuation, so decrease in
velocity, of the transverse wave as well as the longitudinal wave, thus increasing noise
level, and therefore inaccuracy in the measurements [263]. The quaternary 96(Ti-
45Nb)-2Ga~2Cu alloy has EYS and E values of 75 and 78 GPa, respectively, thereby
being similar to 4Cu and 4Ga alloys. Despite the increase in Young’s modulus due to
minor alloying compared to Ti-45Nb, the alloys display a Young’s modulus which is
compatible for load-bearing implant applications. Moreover, these values are even
lower, up to 42% in case of Ga 2 wt.%, if compared to Ti-6Al-4V alloy, where
measured EYS and E are 111 and 117 GPa, respectively (Appendix D, Table D1).

4.5 Correlation of Structural Characteristics
with Mechanical Behavior

Focus of this section is placed on the relationship between microstructural features
and mechanical properties previously discussed. Fig. 4.11 correlates strength in
tension and compression, microhardness and hardening exponent with grain size,
and alloying content for all studied alloys. In general, similar trends between mi-
crohardness and yield strengths in tension and compression can be observed, with
values increasing with content of alloying elements Ga and/or Cu. Values of n,
calculated with the Hollomon equation (Ch. 3, Sec. 3.4, Eq. 3.5) and which repre-
sent the degree of strain hardening, are in the range 0.01 — 0.11, and also show an
increasing trend with Ga and/or Cu additions. The Ga 2 wt.% alloy exhibits the
lowest n value of 0.02, suggesting low strain hardening capacity. Maximum values
are observed for Ga 6 and 8 wt.%, suggesting a modest increase in plasticity. More
specifically, the curves of strength and microhardness for the four Ti-Nb—Ga alloys
display a saturation when Ga 4 wt.%, with no significant increase in the case of Ga
6 and 8 wt.%. This behavior can be correlated with the opposite variation of grain
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Figure 4.11: Plot correlating Ga/Cu content with various mechanical
properties (HV .1, 04", 0, .y ), hardening exponent (n), and grain
size (dgrain)-

size, which is at a minimum for this composition (Ga 4 wt.%). The same applies to
the 2Ga—-2Cu alloy, which exhibits high strength and microhardness and small grain
size, if compared to the alloy with Cu 4 wt.%. On the other hand, microhardness
and strength increase monotonically with Cu content. The strength-ductility trade-
off, which represents a serious engineering dilemma, can also be partially overcome
by careful tuning of the alloying content. For instance, the Ga 4 wt.% alloy exhibits
higher strength (o,"" = 681 MPa) and comparable tensile maximum strain (&max =
17%) than Ti-45Nb (0" = 423 MPa, emax = 22%), similarly the alloys Cu 4 wt.%
(oy' = 539 MPa, emax = 28%) and 2Ga—2Cu (o,"" = 596 MPa, epax = 22%).
Since all alloys display a single-phase microstructure, the ascertained strengthen-
ing mechanisms are grain boundary strengthening and substitutional solid solution
strengthening, which induce an obstruction to the dislocation motion during plas-
tic deformation, thereby contributing towards the improved mechanical properties.
Moreover, the difference (= 3 — 10%) in atomic size of the alloying elements Ga
and Cu, compared to Ti and Nb, might be a conceivable factor affecting microhard-
ness, strength and also the Young’s modulus. This is because the replacement of Ti
and Nb with the smaller atoms brings the alloying atoms closer in the BCC crystal
lattice, corroborating the smaller lattice parameters (Fig. 4.5¢), calculated via Ri-
etveld method, and thus contributing towards the increased mechanical properties.
In conclusion, the Ga 8 wt.% alloy displays the best combination of high strength
(oy*™ = 620 MPa, o,“™P" = 568 MPa), high hardness (232 HV ), modest strain
hardening, and high ductility (ep.x = 32%).
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4.6 Assessment of $-Phase Stability

The compression stress-strain curves previously discussed (Fig. 4.9) show a conspic-
uous strain hardening, but no double yielding effect originating from the formation
of stress-induced martensite (o) [264]. To acquire a better understanding of the ef-
fect of compressive strains on the 8 phase stability, heavily deformed (™ ~ 50%)
compression specimens were cross-sectioned along the loading direction for further
microstructural studies. Fig. 4.12a shows the XRD patterns collected before (£°°™P
~ 0%) and after (€°™P ~ 50%) the compression tests, and refined lattice parameters
are listed in Table 4.3. The nine diffractograms of the strained specimens (red line)
display only reflections indexed with cubic BCC (Im3m), indicating that the parent
[ phase is fully retained and no secondary phase was formed during deformation.
Peak broadening (Fig. 4.12b) is due to residual compressive stresses built up in the
deformed 8 matrix and increased dislocation density; shift to higher angles (20) is
reflected by the shrinkage in the lattice parameters (Fig. 4.12c and Table 4.3), while
changes in peak intensities suggest development of the crystallographic texture.

Table 4.3: Cubic lattice parameters ag determined with Rietveld method
from the XRD patterns of Fig. 4.12 before and after compression tests.

Alloy agb®re (A)  agafter (A)  Difference (%)
Ti-45Nb 3.298 3.286 -0.36%
98(Ti—45Nb)—2Ga 3.303 3.290 -0.38%
96(Ti 45Nb) 4Ga 3.294 3.284 -0.28%
94(Ti-45Nb)-6Ga 3.286 3.279 -0.22%
92(Ti-45Nb)-8Ga 3.277 3.276 -0.04%
98(Ti-45Nb)—2Cu 3.291 3.286 -0.16%
96(Ti 45Nb) 4Cu 3.284 3.277 -0.21%
94(Ti-45Nb)6Cu 3.273 3.264 -0.29%
92(Ti-45Nb)-8Cu 3.268 3.263 -0.18%
96(Ti-45Nb)—2Ga—2Cu 3.290 3.280 -0.30%

EBSD analyses further confirm these results. Fig. 4.13a,b,c shows the EBSD maps
of the specimens before any type of strain, where the coarse equiaxed grains have
random orientations. Fig. 4.13d,e.f depicts heavily strained and elongated (§-grains,
due to the uniaxial compressive loading. Crystal orientation is indicated by an
RGB mixture. Most of the regions correspond to the preferred orientation [110]g,
slip direction in BCC systems is always in <111>. Deformation twinning can be
observed at RT in S-type Ti-Nb alloys for Nb content below 42 wt.%, above these
values, the dominant deformation mode changes to dislocation slip [47], which is
indeed the case in the developed alloys.
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Figure 4.12: (a) X-ray diffractograms before (black line) and after (red
line) the compression tests, and (b) magnification of (110)z diffraction peak
of three alloys (shaded area). Logarithmic scale (on vertical axis) is used
to amplify low intensity reflections. (c¢) Cubic lattice parameters ag before
(black) and after (red) compression tests determined from XRD patterns.
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Another aspect to consider is strain rate: mechanical twinning occurs in BCC met-
als at high strain rates (> 107! s!) [265], while tests in the present work were con-
ducted in quasi-static conditions (strain rate 10 s™!). Nonetheless, twinning cannot
be totally excluded, and deformation bands in Fig. 4.13d,e,f, formed upon £°“°™P
~ 50%, might hinder twins. Further investigations at strains right after yielding
are recommended for future work. The results are in good agreement with previous
studies on a [-type (Ti-40Nb)-3.5Nb alloy: after several thermomechanical treat-
ments (hot and cold rolling with various degrees of thickness reduction), no sign of
deformation-induced phase transformation was observed [133]. Similarly, the only
deformation mechanism in the heavily stabilized S-type Ti-3A1-8Mo-7V-3Cr alloy
was attributed to slip [266].
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Figure 4.13: EBSD inverse pole figures (IPF) maps before (a,b,c) and
after (d,e,f) compression tests of three alloys: 4Ga (a,d), 2Ga—2Cu (b,e),
and 4Cu (c,f). Color coding is given with respect to the loading direction
(adapted from Ref. [261]).

79



4.7. Discussion & Chapter Summary
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Discussion

In the present chapter, the effects of minor additions of Ga and/or Cu on structural
characteristics and mechanical behavior of Ti-45Nb were studied. Preliminary mi-
crostructural investigations were carried out on the as-cast alloys, while in-depth
studies on phase composition, mechanical properties and phase stability were con-
ducted on the homogenized (solution-treated and quenched, STQ) alloys.

The studied alloys were designed using electron-to-atom (e/a) and molybdenum
equivalence ([Moleq) (discussed in Ch. 2, Sec. 2.3) as empirical predictive tools for
[ phase stability. The § phase can be retained upon quenching when e/a is greater
than 4.2 [120], which is indeed the case for all alloys, except three Ti-Nb—Cu alloys
(Ch. 3, Sec. 3.2, Table 3.1). The [Mo], values of the alloys were determined
according to Eq. 2.1 (Ch. 2, Sec. 2.3) and are reported in Fig. 4.14. The minor
concentration of interstitial elements N and O, capable of drastically affecting the
[ phase stability, has also been considered by maintaining it in the compositional
range of 0.1 wt.%. According to the classification reported by Kolli and Devaraj
[107] (Fig. 4.14), the nine alloys can be classified as metastable-5 and near-3 alloys.
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Figure 4.14: [Mol., of the developed alloys and other S-type Ti alloys in
the literature (adapted from Ref. [261]).

Empirical predictions were experimentally confirmed by XRD studies: all alloys
in STQ state display a single-phase 5 (BCC) Ti-based solid solution, despite the
presence of the a-stabilizer Ga and [-eutectoid stabilizer Cu. This was made possible
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due to the combination of the enhanced [-stabilizing effect of Nb together with the
high cooling rates achieved during quenching. The microstructure of the alloys is
composed of coarse equiaxed (-grains of consistently different grain size (Fig. 4.6).
Interestingly, Ga acts as an efficient grain refiner, which might be due to a reduced
atomic mobility that slows grain growth during processing. A similar effect of Ga
as grain refiner has been observed in other alloy systems [165, 167].

The electron-to-atom ratio can also be used to predict the trend of the elastic prop-
erties, for instance Kent et al. [267] suggest that the Young’s modulus E of -type
Ti-Nb alloys decreases with increasing e/a, this trend finds experimental confirma-
tion in the present work. Young’s modulus F is a direct consequence of interatomic
interactions and electronic properties, hence alloying elements have an influence on
it [268]. Ga and Cu have a smaller atomic radius than Ti and Nb (Ch. 2, Sec. 2.5,
Table 2.9), this is also evident from the cubic lattice constants, that decrease upon
Ga and/or Cu addition. Substitution of Ti and Nb with the smaller Ga and Cu
brings the alloying atoms closer in the [ crystal lattice, and thus E increases. In
the case of Ga, recent theoretical investigations, conducted in collaboration with our
BIOREMIA colleagues from the University of loannina (Greece), concluded that Ga
p-electrons create covalent-like directional bonds with Ti s-electrons, which explain
both the increase in E and lattice contraction [255]. Similar theoretical studies
on the effect of Cu addition on the electronic properties of Ti-45Nb are currently
progressing. To a great extent, a regular pattern emerges when plotting a physi-
cal property (e.g., lattice parameter) against e/a, and anomalies indicate electronic
structural changes within the alloy matrix [269]. Fig. 4.15 compares the refined
cubic lattice parameters (ag), plotted with e/a, of the alloys in the present work
with those of similar S-type Ti—Nb alloys in the literature. The developed alloys
fall within the range of e/a for which analogous Ti-Nb alloys exhibit low Young’s
modulus.
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Figure 4.15: BCC lattice parameter ag against e/a of the developed alloys
compared to similar S-Ti-Nb alloys (adapted from Ref. [261]).
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In the investigated alloys, grain boundary strengthening together with solid solution
strengthening induce an obstruction to dislocation motion during plastic deforma-
tion, thereby contributing towards the increment in microhardness and strength
upon alloying. The substitutional solid solution strengthening effect occurs due to
the addition of solute elements (Ga, Cu) with smaller atomic radius, as already
discussed. The underlying strengthening mechanism, arising from the increased dis-
location density, is also evident from the broadening of the diffraction peaks after
compressive strains. Clearly, the presence of Ga and/or Cu renders a significant
strengthening effect. Moreover, the alloys display significant ductility and plas-
ticity in both tension and compression. The dominant deformation mechanism is
attributed to dislocation slip, which finds further confirmation in the low hardening
exponent n values (0.01 —0.11) of the present work. Sadeghpour et al. [266] observed,
in a single-phase g Ti-3A1-8Mo-7V-3Cr alloy, a sharp increase in n from 0.01 to
0.13 when the deformation mechanism changed from dislocation slip to mechan-
ical twinning. Similarly, the S-type Ti-25Nb-3Zr-3Mo—2Sn alloy shows multiple
deformation mechanisms (mechanical twinning, SIM, and w transformation), and
thus the n value is reported to be = 0.23, which is distinctly higher than n values
determined for the present alloys.
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Figure 4.16: Variation of elastic admissible strain with Young’s modulus
of the developed alloys compared to other implant materials and bone.

As a final observation, mechanical biocompatibility and performance of an ortho-
pedic implant material can be evaluated by the elastic admissible strain (EAS),
defined as the yield stress-to-Young’s modulus ratio. The higher the elastic admissi-
ble strain, the more mechanically suitable the material is [2]. The EAS values of the
developed alloys are presented in Fig. 4.16. They are in the range 0.68 — 0.88, and
are 3 — 33% higher than Ti-45Nb (EAS = 0.66), with Ga 4 wt.% alloy exhibiting
the highest value (EAS = 0.88). It can be concluded that the nine alloys would offer
a promising mechanical performance in practical load-bearing implant applications.
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Chapter Summary

The main outcomes of this chapter can be summarized as follows.

= Nine different alloy compositions, (100-x)(Ti-45Nb)—xGa, (100-x)(Ti-45Nb)-
xCu (where x =2, 4, 6, 8 wt.%), and 96(Ti-45Nb)-2Ga—2Cu, were successfully
fabricated by arc melting and cold crucible casting and then homogenized
(solution treatment at 1000°C for 24 h and water quenched, STQ).

= All alloys in STQ state exhibit a single-phase S microstructure with a homo-
geneous distribution of the alloying elements within the matrix.

» Compared to the reference Ti-45Nb alloy, the developed alloys exhibit a sig-
nificant increase in microhardness HV o1 (19 — 97%), yield strength in tension
o' (27 — 60%) and compression o, ™" (26 — 89%), strain at fracture €pax
(up to 44%) and good plasticity and workability.

= Addition of Ga and/or Cu renders a significant strengthening effect, mainly
attributed to grain boundary and solid solution strengthening.

* Young’s modulus E of the alloys (64 — 79 GPa for Ti-Nb-Ga, 76 — 104 GPa for
Ti-Nb—Cu and 75 GPa for Ti-Nb—-Ga—Cu), despite the increase in strength,

remains in the acceptable ranges for implant applications when compared to
the clinical alloys Ti-6A1-4V and c.p. Ti.

» The S phase is mechanically stable upon high compressive strains, with no sign
of deformation-induced phase transformations. Dislocation slip is considered
the dominant deformation mechanism in these g-type Ti alloys.

In conclusion, an ideal biomedical load-bearing implant material is required to ex-
hibit the combined properties of low stiffness and high strength to sustain long-term
service period. This chapter demonstrates that it is possible, by alloying and with-
out further thermomechanical processing, to increase strength without adversely
affecting the Young’s modulus.

This chapter incorporates findings and insights from the following first-author orig-
inal publications:

— L.A. Alberta, J. Vishnu., A. Hariharan., S. Pilz, A. Gebert, and M. Calin.
Novel low modulus beta-type Ti—Nb alloys by gallium and copper minor addi-
tions for antibacterial implant applications. In: Journal of Materials Research
and Technology, 20:3306-22 (2022). DOI: 10.1016/j.jmrt.2022.08.111

— L.A. Alberta, Y. Fortouna, J. Vishnu, A. Gebert, C. Lekka, K. Nielsch,
M. Calin. Effects of Ga on the structural, mechanical and electronic properties

of B-Ti—45Nb alloy by experiments and ab initio calculations. In: Journal of
the Mechanical Behavior of Biomedical Materials, 140:105728 (2023). DOI:
10.1016/j.jmbbm.2023.105728
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Chapter 5

Influence of Antibacterial Alloying
Elements (Ga, Cu) on Corrosion
Properties

5.1 Chapter Overview & Aims

Corrosion is among the most important mediators of the host tissue response to
the implant material; therefore an accurate evaluation is absolutely necessary. This
chapter aims at assessing the corrosion response and metal ion release in physiolog-
ical conditions of the developed alloys.

Fundamental knowledge of the corrosion behavior of the investigated alloys in simu-
lated body fluids at body temperature is acquired by conventional techniques: open
circuit potential monitoring and potentiodynamic polarization. In addition, Ga and
Cu metal ion release studies, with seven days of exposure to the same environmen-
tal conditions as for corrosion tests, are also conducted. Methods able to identify
origin and amount of corrosion products and metal ions released in physiological
conditions are of great interest in order to predict and preliminarily discuss safety,
biocompatibility, and potential antibacterial capacity of the implant materials.
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5.2 Corrosion Resistance in Simulated
Physiological Environment

Electrochemical corrosion investigations are carried out at body temperature (37.5°C)
in phosphate-buffered saline solution (PBS, pH ~ 7.4), which closely mimics the min-
eral composition of the blood. The explored potential region (-0.5 to +1 V vs. SCE)
is of interest when developing materials for implant applications [210]. Results are
shown in Fig. 5.1 and electrochemical parameters are summarized in Table 5.1.
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Figure 5.1: Corrosion tests in PBS solution at 37.5°C: (a) OCP during 4
h of immersion, and (b) potentiodynamic polarization curves recorded at a
scan rate of 0.5 mV s (adapted from Ref. [261]).

Fig. 5.1a shows the open circuit potential (OCP) curves over 4 hours of immersion
time for the nine developed alloys, compared to Ti—45Nb. Initially, after mechanical
grinding and upon immersion (t & 0 s), potentials are in the range of approximately
-750 — -400 mV vs. SCE, reflecting electrochemically active surfaces. All curves
exhibit a potential increase with time, indicating the spontaneous formation of a
protective oxide layer on the samples’ surface. After approximately 45 minutes, the
curves enter a stable regime, where potential variations are less than 1 mV/min,
ending, after 4 hours, in the range of Epcp =~ -400 — -200 mV vs. SCE. It is very
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important to allow sufficient time for system’s stabilization before starting any other
electrochemical experiments. A stable Eocp indicates that the system has reached a
steady state, where involved electrochemical reactions have assumed a constant rate
and net flowing current is zero. This method gives qualitative information regarding
the state of the alloys, which are found to spontaneously passivate when immersed
in the corrosive environment.

Table 5.1: Electrochemical parameters extrapolated from the corrosion
tests: open circuit potential (Focp), corrosion potential (Eeyn), corrosion
current density (jeom), and passive current density (jpass) at +1 V vs. SCE.

AHOy EOCP Ecorr jcorr jpass
(mV vs. SCE) (mV vs. SCE) (nA cm?) (pA cm?)

Ti-45Nb -346 + 68 -348 + 76 80 + 20 5.9 £ 0.6
98(Ti-45Nb)—2Ga -249 + 54 -263 + 48 73 + 40 52 +06
96(Ti-45Nb)-4Ga -342 + 37 -360 + 59 88 + 24 44 +05
94(Ti-45Nb)-6Ga -333 £ 71 -329 £ 76 90 £ 17 4.0 £ 06
92(Ti-45Nb)-8Ga -338 + 17 -335 £ 18 105 £ 15 4.2 +03
98(Ti-45Nb)-2Cu -260 =+ 60 -256 + 65 106 + 16 4.8 £02
96(Ti-45Nb)-4Cu -307 £ 28 -312 £ 41 69 + 16 45 +1.7
94(Ti-45Nb)-6Cu -306 £ 9 S347 £ 11 29 £8 39 +o0s5
92(Ti-45Nb)-8Cu -244 + 60 -305 + 60 34 + 10 4.3 +0.2
96(Ti-45Nb)-2Ga—2Cu -286 =+ 56 -305 + 65 64 + 13 48 +£05

Potentiodynamic polarization tests (Fig. 5.1b) instantaneously follow the OCP mea-
surements. Values of E,,, do not significantly differ from FEocp (< 5%), indicating
that the steady state was reached before starting the actual polarization tests. Elec-
trochemical response of the nine alloys is remarkably comparable to that of the
reference Ti—45Nb, when the limitations of the methods are taken into considera-
tion. The alloys show very low corrosion current densities (j.n), in the range 29 —
106 nA cm™. Albeit the increase of jeo upon Ga addition, and decrease upon Cu
addition, they are not significantly different. All curves transfer to a stable plateau
at &~ 0 V vs. SCE, referring to the passive regime, with no sign of pitting (i.e., lo-
calized corrosion). Passive current densities (jpqss) are also rather low, in the range
3.9 - 5.2 uA cm™?. Upon Ga and/or Cu addition, jp.ss decreases, suggesting a slight,
but not significant, more reactive surface for the Ti-45Nb alloy. In conclusion, it
is possible to state that the alloys exhibit great corrosion resistance in the explored
experimental conditions.

These studies are fundamental to acquire knowledge on the general corrosion be-
havior of the alloys. Because of the slow corrosion processes taking place (i.e., high
corrosion resistance and low dissolution), ion release studies, reported in the next
section, were conducted on the two alloys containing the highest amount of Ga
and/or Cu (8 wt.%).
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5.3 Study of Ga/Cu Ion Release

Ion release studies by means of ICP-OES are performed in PBS solution at body
temperature (37.5°C) with exposure time of 7 days on the following alloys: Ti-45Nb
(reference), 92(Ti-45Nb)-8Ga and 92(Ti-45Nb)-8Cu. For investigating the bacte-
ricidal ion concentration released in solution, the alloys with the highest amount (8
wt.%) of Ga and Cu were selected. Results are reported in Fig. 5.2 and summarized
in Table 5.2.
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Figure 5.2: Metal ion release studies on alloys Cu 8 wt.% and Ga 8 wt.%,
compared to Ti—45Nb, in PBS solution at 37.5°C after 7 days of immersion.

For all three alloys, the concentration of Ti and Nb ions remained below or near
the experimental limit of quantification (LOQ), which is 7 - 10® mmol mL"! for
both species. As a result, the LOQ value may be considered as a reasonable upper
threshold level for the concentration of these ionic species. For 92(Ti-45Nb)-8Ga, a
Ga concentration of 0.35 - 10°® mmol mL™! (corresponding to 24 ug L) was detected
in solution, moderately above LOQ (2.5 - 107 mmol mL!). On the other hand, Cu
amounts of 3.4 - 10 mmol mL"(corresponding to 217 ug L) were detected in
solution released from 92(Ti-45Nb)-8Cu alloy, well above its LOQ (2.5 - 1077 mmol
mL1'). The Cu amounts released are ten times higher than Ga, which is indicative
of the high reactivity of Cu. The ICP-OES results suggest that the antibacterial
mechanism via Ga ion release might not be effective in these § Ti—-Nb, whereas, the
higher released Cu amounts might suggest a more powerful antibacterial effect for
the Cu-bearing Ti alloys.

Table 5.2: Amounts of Ga/Cu ions released from the alloys exposed to PBS
solution at 37.5°C for 7 days, converted into various units for comparison

purposes.
Ga/Cu ion release

Alloy [mmol cm™] = [mmol mL?] [M] [ne LY

92(Ti-45Nb)-8Ga 0.35 + 0.04 - 106 0.35 004 24+3

92(Ti-45Nb)-8Cu 3.41 +0.13- 10 3.41 £ 013 217 £38
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5.4 Discussion & Chapter Summary

Discussion

In the present chapter, the corrosion behavior of the novel Ti-based alloys by Ga and
Cu minor additions is studied by conventional electrochemical methods and metal
ion release in physiological conditions (PBS solution, 37.5°C).

Corrosion studies reveal that the corrosion resistance of the alloys is as high as
for the reference Ti—45Nb alloy. In the explored experimental conditions, corro-
sion potentials E,,. of all nine alloys are around -300 (£ 56) mV vs. SCE, and
corrosion current densities j... are relatively low (& 74 + 20 nA cm™). Low Jeom
indicates low charge transfer rates through the metal/fluid interface, which corrob-
orates the observed minimal metal ions released under free exposure conditions. On
the whole, the polarization behavior is similar to that of (Ti-40Nb)-4In alloy re-
ported by Gebert et al. [63], where they observed jeo, of 0.1 — 0.2 pA cm™, and
Jpass Of 3 —4 pA ecm™. They concluded that the incorporation of minor amounts of
indium (In), homogeneously dissolved in the S-matrix of Ti—40Nb alloy, does not
yield any negative effect in terms of corrosion stability. This behavior can mainly
be attributed to the strong passivating nature of valve metals Ti and Nb, which
dominate and drive the whole electrochemical behavior, and to the fact that both
Ga and Cu, the latter generally known to deteriorate corrosion properties, are in
complete solid solution with Ti and Nb, thus preventing localized corrosion, as for
example reported in multi-phase alloys [270]. In the passive regime up to +1 V
vs. SCE, mainly a thermodynamically stable mixed Ti(IV)- and Nb(V)-oxide forms
onto the anodically polarized alloys [271], which agrees with the traditional electro-
chemical equilibrium diagrams [27] of the pure alloying elements in water at RT,
that spontaneously form a passive oxide layer at pH 7.4. Since the occurrence of Ga
and Cu oxides cannot be completely ruled out, there are certain unanswered queries
that necessitate additional research. Despite the high concentration of aggressive
chloride ions in solution, coming from both NaCl and KCI for a total of 143 mM,
the passive oxide films are stable and act as surface barriers, through which only a
limited amount of metal ions can penetrate. In other words, no significant differ-
ence among the alloy systems could be ascertained, even though high amounts of
Cu might have a deleterious effect on the corrosion resistance of Ti alloys [272]. Pas-
sive film studies (e.g. electrochemical impedance spectroscopy) could detect minor
differences that are not visible in general corrosion assessment by the conventional
techniques used in this work. According to the theory of passivity, metallic materials
in aqueous electrolytes exhibit simultaneously active and passive surfaces, therefore
a continuous process of partial dissolution and re-precipitation on the passive film
occurs: if the dissolution rate is larger than the re-precipitation rate, then metal
ions are gradually released [273], as observed in the present work.

The present studies, considered alongside previous literature, could offer guidance
for future research aimed at accurately predicting the biological response and the
antibacterial activity of the Ga-/Cu-bearing T1i alloys. Verron et al. [172] studied the
effects of Ga ions on osteoblast-like cells and observed no cytotoxicity up to 100 uM,
similar studies on human leukemic cells reported a threshold value (ICs: minimal
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concentration required for 50% inhibition) of 80 uM [159]. These amounts are two
orders of magnitude larger than those observed in the present work (< 0.5 pM), thus
suggesting that the newly developed Ga-containing Ti alloys should be safe from a
cytocompatibility point of view. Indeed, these results guided preliminary biological
studies presented in Chapter 8. Regarding the antibacterial activity, Cochis et al.
[200] showed that the presence of Ga, even in small amounts (1 —2%), embedded in
the metal matrix of Ti alloys might ensure a long-lasting antibacterial effect without
any visible cytotoxic effect. For instance, the Ti alloys with Ga 1 — 2 wt.% decreased
S. aureus biofilm activity by 50%, which is considered the minimal effective ratio to
define a material as ‘antibacterial’ [200].

In the present work, the ion release studies were performed for the two Ti—Nb al-
loys with the highest amount of Ga/Cu (8 wt.%). The ICP-OES results (Table
5.2) showed low Ga release (0.35 - 10° mmol mL"') and Cu release (3.41 - 10°
mmol mL1) after 7 days of immersion time in PBS solution at 37.5°C. This might
suggest that Ga released is probably insufficient to exert antibacterial activity by
ion release bacteria-killing mechanism. However, Cochis et al. [200] demonstrated
that Ga-bearing Ti alloys can efficiently ensure long-lasting antibacterial effect by
contact-killing mode (without being released), due to its ability to replace Fe(III)
ion in the bacterial metabolism (so called ‘Trojan horse’ strategy, Ch. 2, Sec. 2.4).
Additional research, including detailed microbiology tests, are necessary to eluci-
date the antibacterial capacity and mode of action of these Ga-bearing Ti alloys.
According to relevant literature [154], both Ga and Cu are bacteria-killing elements,
however the mechanism of action could be different: either by contact-killing or by
ion release. The present results indicate that amounts of Cu ions released are ten
times higher than Ga (Table 5.2), which might indicate a higher potential antibac-
terial activity by ion release bacteria-killing mechanism for the Cu-bearing alloy.
It is widely believed that the antibacterial activity of Cu in Cu-modified alloys or
surfaces is closely related to its amount: released Cu ions can inhibit and kill bacte-
ria, but might also adversely affect cell growth and proliferation [274]. The balance
between copper necessity and toxicity (for both bacteria and host cells) represents a
serious challenge, since it is involved in many fundamental metabolic pathways, but
it can also induce cellular toxicity via oxidative stress, DNA cleavage and more [178],
therefore it is imperative to attentively evaluate Cu released from a biomaterial. Re-
cent studies [96] aimed at evaluating the dose-response relationship of Cu ions and
their biological effects in vitro. The authors reported an ICy, value as low as 0.7 uM
for bone marrow mesenchymal stem cells, and an upper safe limit of 10 uM for
osteoblasts, thus suggesting that Cu released (3.4 uM) from alloy Cu 8 wt.% in the
present work might not pose a significant risk for cellular toxicity. Some preliminary
biological and microbiological (bacterial) tests for the present alloys are planned in
collaboration with our BIOREMIA EU project’s colleagues from the University of
Gothenburg (Sweden).
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Chapter Summary

The corrosion behavior of the Ti-Nb-Ga/Cu alloys and their ion release were investi-
gated by conventional electrochemical methods in simulated physiological conditions
(PBS solution, 37.5°C). The following conclusions can be drawn:

* The nine studied alloys exhibit, in the explored conditions, high corrosion
resistance, with no significance difference among alloys, low corrosion current
densities (< 106 nA cm™?), and passive current densities in the range 3.9 —
5.2 pA em™. Ga and/or Cu minor additions pose no deleterious effect to the
corrosion resistance of Ti-45Nb alloy.

* The two alloys Ga 8 wt.% and Cu 8 wt.%, exposed to a simulated physiological
environment for seven days, release 24 ug L' of Ga ions and 217 ug L of Cu
ions, respectively, thus indicating that Cu dissolves faster than Ga.

Altogether, the present results suggest that the studied alloys ensure high corrosion
resistance with no risk for localized corrosion to occur in the body environment,
due to the low alloying content of Ga and Cu. Comparing the Ga and Cu ion
release capacity, one can suggest a potential antibacterial activity by Cu ion release
bacteria-killing mechanism for the Cu-bearing alloy (with 8 wt.% Cu).

This chapter incorporates findings and insights from the following first-author orig-
inal publications:

— L.A. Alberta, J. Vishnu., A. Hariharan., S. Pilz, A. Gebert, and M. Calin.
Novel low modulus beta-type Ti—Nb alloys by galliuvm and copper minor addi-
tions for antibacterial implant applications. In: Journal of Materials Research
and Technology, 20:3306-22 (2022). DOI: 10.1016/j.jmrt.2022.08.111

— L.A. Alberta, J. Vishnu., Y. Douest, K. Perrin, A.-M. Trunfio-Sfarghiu, N.
Courtois, A. Gebert, B. Ter-Ovanessian, M. Calin. Tribocorrosion behavior
of B-type Ti-Nb—Ga alloys in a physiological solution. In: Tribology Interna-
tional, 181:108325 (2023). DOI: 10.1016/j.triboint.2023.108325
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Chapter 6

Assessment of
Mechanically-Assisted Corrosion

(Tribocorrosion) Behavior in
Simulated Body Fluids

6.1 Chapter Overview & Aims

Implant materials are constantly exposed to severe tribological events in presence of
highly corrosive electrolytes (e.g., body fluids), which lead to irreversible degrada-
tion of the implant with consequent failure. Predicting the synergistic mechanisms of
corrosion and wear caused by specific combinations of materials, loads, and environ-
ments in tribocorrosion processes is challenging due to their complexity. Therefore,
experimental studies are necessary.

In the present chapter, tribocorrosion mechanisms of the novel Ga-bearing Ti—Nb
alloys, compared to Ti—45Nb and medical grade Ti-6A1-4V ELI, are investigated
in simulated body fluids using a pin-on-disk tribometer integrated with an elec-
trochemical setup. The following electrochemical techniques, in presence of sliding
wear, were used: open circuit potential monitoring and potentiostatic polarization.
The former simulates a real system, where corrosion processes are driven only by
physiochemical properties of the environment and the tribological contact, while the
latter allows real time measurement of depassivation and repassivation kinetics in
presence of an applied potential. Afterwards, ex situ surface characterization tech-
niques (e.g., electron microscopy, 3D profilometry), coupled with existing models,
allowed determination of degradation mechanisms and quantification of wear. More-
over, the Ga ion content released during the tribocorrosion tests is also investigated.
Assessment of tribological properties represents a further step towards potential ap-
plication of the developed implant materials. Experimental studies hereby reported
were mainly conducted during a secondment at INSA Lyon and Anthogyr S.A.S.
(France).
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6.2 Wear-Accelerated Corrosion at Open Circuit
Potential

Tribocorrosion is the combined study of corrosion and wear phenomena occurring
in sliding contacts. It is defined as the irreversible material degradation induced by
simultaneous chemical, mechanical (wear), and electrochemical (corrosion) interac-
tions occurring on surfaces in relative contact motion. Hence, a corrosive environ-
ment can amplify material’s degradation by wear mechanisms as well as, inversely,
wear can enhance the corrosion rate [275].

Valuable insights into the wear-corrosion behavior of the novel materials can be first
acquired by monitoring the open circuit potential (OCP) under sliding conditions.
The evolution of OCP of the four Ti-Nb-Ga alloys, together with Ti-45Nb and Ti—
6A1-4V ELI alloys, sliding against an alumina pin under a normal load of 5 N in PBS
solution, is monitored before, during and after sliding (Fig. 6.1a); electrochemical
parameters are listed in Table 6.1.

Three distinct regions can be identified in Fig. 6.1a. In region I, up to 3600 sec-
onds, the OCP potential has stabilized for all the alloys. Prior to the occurrence of
sliding, measured OCPs for all alloys are stable, with nobler behavior for the four
Ti-Nb-Ga alloys (= -290 mV vs. Ag|AgCl). At 3600 s (region II), sliding starts
under a nominal normal load of 5 N. All alloys exhibit an abrupt and substantial
potential decrease, which is the typical tribocorrosion behavior of passive metals
and alloys. This is caused by the mechanically-accelerated local breakdown of the
passive film (depassivation process). This negative shift indicates the occurrence
of local electrochemical activity, in which the fresh bare metallic surface is exposed
to the corrosive chloride environment and begins to react. In general, tribological
forces during sliding cause the breakdown of the passive layer on the real contact
areas between the pin and the metallic sample. As a result, highly reactive regions
in the wear track form, as compared to the surrounding region outside the wear
area [276]. The sliding potential (E,eq-) results from the galvanic coupling between
the worn depassivated area (wear track), which acts as a local anode, and the sur-
rounding large passive unworn area, which acts as a local cathode [277]. The lowest
potential drop (|AFE|) at the onset of sliding is exhibited by Ti-6Al-4V ELI (420
+ 16 mV), on the other hand |AE)| for the Ti-Nb alloys was comparatively higher;
moreover, the curves of the former appear less noisy, especially in the first seconds
after sliding started. The OCP curve of Ti-6A1-4V ELI changes from smooth to
noisy after approximately 600 s, which may indicate that the surface is subjected
to cyclic depassivation and repassivation. A very similar observation was made by
Hacisalihoglu et al. [75] in a+3-Ti-6Al1-4V alloy tested in SBF solution, where the
OCP curve became very noisy after 600 s of sliding.

The curves of Ti-45Nb, 98(Ti-45Nb)-2Ga and 96(Ti-45Nb)-4Ga alloys exhibit a
steady-state trend throughout the whole sliding, with potential oscillations in the
range of = 100 mV, indicating the establishment of a dynamic equilibrium between
depassivation and repassivation mechanisms. The alloys with Ga content 6 and 8
wt.% show an increasing drift trend from the moment sliding started, which suggests
tendency to spontaneously repassivate with Ga addition, even during mechanical
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Figure 6.1: (a) OCP evolution over time before, during and after sliding
of an alumina pin against the Ti alloys under a normal load of 5 N. (b)
Evolution of friction coefficient (COF) during sliding (region II, 900 cycles
correspond to 1800 seconds). (c¢) Schematic representation for the determi-
nation of the electrochemical parameters in Table 6.1: OCP before sliding
(Eocp), during sliding (FEeq), potential drop (JAE|), and repassivation
time constant (#,epss) (adapted from Ref. [278]).

degradation and with less extent of depassivation. At 5400 s (region III), sliding
is stopped and the potential of all alloys steadily increases and stabilizes around
=~ 325 mV vs. Ag|AgCl after 1800 s, as a consequence of the reformation of the
passive layer in the worn area. The post-sliding potentials could be attributed
to wear debris covering the wear track and thickening of the passive film outside
the wear track as a result of rapid mass transportation during sliding [279]. The
potential restoration process provides important information on the alloy’s ability to
recover after wear. Repassivation time constants (%epass), determined by graphical
extrapolation (Fig. 6.1c), are listed in Table 6.1. From these results, it seems that
Ga addition is beneficial to the repassivation kinetics, with #,p.ss values decreasing
from 24.7 to 17.3 s with increasing Ga, while the commercial Ti-6A1-4V ELI alloy
shows the slowest repassivation (#epess = 27.9 s).
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Table 6.1: Electrochemical parameters determined from the OCP curves
shown in Fig. 6.1.

Potential Potential Potential dro Repassivation
Alloy before sliding during sliding P time constant

Eocp Eyear A trepass

(mV vs. (mV vs. (mV vs.

Ag|AgCl) Ag|AgCl) Ag|AgCl) (s)
Ti-45Nb -298 + 29 -764 £ 35 466 =+ 64 24.1 £ 05
98(Ti-45Nb)—2Ga -295 + 32 -848 4 28 554 + 59 24.7 £ 0.9
96(Ti-45Nb)-4Ga -267 +£3 =736 + 28 469 + 31 203 £ 14
94(Ti-45Nb)-6Ga -322 + 81 -T78 £ 28 456 + 110 20.6 £ 0.8
92(Ti-45Nb)-8Ga -286 + 21 =791 + 34 505 + 55 173 £ 1.5
Ti-6A1-4V ELI -406 + 5 -826 + 11 420 + 16 279 + 038

6.3 Electrochemically-Induced Corrosion During
Sliding Wear

Potentiostatic polarization simulates the oxidizing action of a corrosive environment,
in this particular case, an anodic potential of 0 V vs. final OCP was applied (Ch. 3,
Sec. 3.5 for further details), after one hour of OCP stabilization. This methodology
has been employed in order to achieve the same surface conditions surrounding the
worn area for each independent test. Applied potentials for all tests are in the
range -300 — -315 mV vs. Ag|AgCl. Results are shown in Fig. 6.2 and relevant
electrochemical parameters are reported in Table 6.2. At the applied potential,
the whole Ti-based surfaces are initially passive and the measured currents, before
sliding, are below 10 nA. Once sliding started, the mechanical removal of the passive
film causes a sharp increase in current. During the sliding period, the local worn
area is forced to an anodic regime, while the surrounding unworn areas are forced
to retain their OCP condition. A steady state average current is observed for the
alloys throughout the sliding action (Fig. 6.2). However, significant differences are
evident between the studied S-type Ti alloys and Ti-6A1-4V ELI. While the anodic
current for the latter is in the range = 2 — 50 pA, large oscillations up to 200 pA
occur for the Ti-Nb-based alloys. At 2100 seconds sliding stops and current drops
by almost two orders of magnitude, suggesting nearly instantaneous repassivation in
the deteriorated area. The lowest average current after sliding (ifnq), mainly flowing
through the wear track, is recorded for Ti-6A1-4V ELI (0.06 4 0.05 1A), the highest
for Ti-45Nb (0.85 £ 0.63 pA), while the four Ti-Nb-Ga alloys exhibit intermediate
values. With a maximum deviation from the average of 9%, the reproducibility of
the current results was found to be satisfactory.
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Figure 6.2: Current evolution at applied potential (0 V vs final OCP) over
time before, during and after sliding (load 5 N) with an alumina pin against
the investigated alloys and Ti-6A1-4V ELI.

Table 6.2: Electrochemical parameters determined from the potentiostatic
curves of Fig. 6.2.

Alloy Current during wear iyeqr  Current after wear igpq
(HA) (LA)
Ti-45Nb 65 + 30 0.85 4+ 0.63
98(Ti-45Nb)—2Ga 65 + 32 0.42 £+ 0.37
96(Ti-45Nb)-4Ga 75 + 35 0.35 £ 0.16
94(Ti-45Nb)-6Ga 53 + 32 0.23 £ 0.29
92(Ti-45Nb)-8Ga 61 + 32 0.30 +0.19
Ti-6Al-4V ELI 13+7 0.06 + 0.05
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6.4 FEx Situ Surface Analysis of Wear Tracks

Morphology and geometry (depth D, volume Vy,;) of the wear tracks, investigated
by 3D confocal profilometry (Fig. 6.3a-d) and SEM (Fig. 6.3e-p), provide insights
into the underlying degradation mechanisms of wear and friction during sliding. Mi-
crostructural analyses were performed on the wear tracks of samples evaluated under
OCP conditions, which were strategically selected to assess the effects of the corro-
sive environment in the presence of a tribological contact without the influence of
any external potential. However, the computed geometric dimensions derived from
samples submitted to the two types of electrochemical tests showed no significant
difference.

Ti—6AI-4V ELI Ti—45Nb 96(Ti—45Nb)-4Ga 92(Ti—45Nb)-8Ga

a)

b)

ding direction  f)

Figure 6.3: Morphological characteristics of the wear tracks caused on the
Ti samples by sliding against the alumina pin at OCP conditions investi-
gated by (a-d) 3D confocal profilometry and (e-p) SEM. Sliding direction,
valid for images (e-p), is indicated by a double arrow in image (e) (adapted
from Ref. [278]).

The results extracted from the sliding tests are presented in Table 6.3. Total wear
volume (Vi) and wear depth (D) were computed from the 3D optical profilometry
measurements (Fig. 6.3a-d). It is evident how the Ti-Nb alloys have substantially
different worn surfaces when compared to Ti-6A1-4V ELI. The latter shows very
shallow scratches (D = 4.05 um), while Ti-45Nb alloy exhibits the deepest wear
track (D = 10.16 um). D of the four Ti-Nb-Ga decreases with Ga content. Total
wear volumes (V) follow the same decreasing trend upon Ga addition. Vi, and D
of 92(Ti-45Nb)-8Ga show a drastic decrease of 49% and 44%, respectively, compared
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to Ti-45Nb alloy. Computed geometric dimensions are observed to be similar to
those reported by Feyzi et al. [72] for a Ti-6Al-4V alloy tested in PBS solution
against a zirconia ball under 3.5 N and 6 N: they measured an average wear depth
of = 10 pum by contact profilometry.

SEM micrographs of worn areas (Fig. 6.3e-p) confirm the features observed in the
3D profiles: visible grooves are evident along the sliding direction. Micrographs
exhibit plowing grooves of varying width, depth and length running parallel to the
sliding direction. Rubbing scratches deepen from the worn tracks’ edge to their
center. The reference Ti-45Nb and the Ti-Nb-Ga alloys show more pronounced
abrasive wear, whereas the commercial Ti-6A1-4V ELI alloy (with good wear re-
sistance) shows more superficial scratches. In all alloys, wear particles and debris
are present around the edge of grooves as a consequence of severe deformation and
tearing out (delamination). The extent of cutting abrasion is greater for the Ti-
Nb-based alloys than for Ti-6A1-4V ELI. The former displays important amounts
of wear debris (indicated by red arrows), indicating delamination wear mechanism,
ranging between a few hundred nanometers to around five micrometers, the large
particles appear to be agglomerations of finer debris (Fig. 6.3m-p). Wear debris may
accumulate and act as third bodies that can exacerbate wear in simulated body fluid.
No evidence of aggressive corrosion could be detected in any of the samples. After
testing, no damage to the counter body alumina pin could be seen using optical
microscopy (Appendix E, Fig. E1), but wear debris detached from the Ti samples
and transferred to the pin could be observed, demonstrating adhesive wear. These
findings suggest that the four (100-x)(Ti-45Nb)-xGa alloys possess wear resistance
that lies between Ti—-6A1-4V ELI and Ti—45Nb alloys, indicating that Ga addition
is actually beneficial to improve wear resistance of the binary Ti-45Nb alloy.

6.5 Effect of Ga on Wear Resistance of Ti—45Nb

Evaluation of the friction coefficients (COF) allows for better understanding the
wear behavior over time and under different load conditions of the implant materials,
which are often subjected to repeated loading and unloading cycles, causing material
loss and degradation.

The relationship between Ga addition and wear resistance of the alloys can be further
understood by analyzing the variation of the friction coefficients during sliding.
Representative COFs curves are shown in Fig. 6.1b and measured COF values
are reported in Table 6.3. Values remained constant around the average with larger
fluctuations for the four g-type Ti alloys compared to Ti-6Al-4V ELI. No significant
difference was observed in the values of COF determined at OCP or under applied
anodic potential. Similar conclusions were drawn by Feyzi et al. [72], who stated that
COF is independent of the imposed potential. In contrast to Ti-6A1-4V ELI, COFs
of the Ti-Nb-based alloys fluctuated more around the average. The oscillations in
COF curves were greater for the 5-Ti alloys compared to Ti-6A1-4V ELI, which is
consistent with the changes in OCP previously shown.
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Table 6.3: Summary of the results extracted from the sliding tests at OCP
conditions. Total volume loss ( Vi) and wear depth (D), measured from 3D
optical profilometry, are determined from wear tracks produced in indepen-
dent sliding tests. Volume losses due to wear-accelerated corrosion ( Vi)
and to mechanical wear (V) are determined as previously described.
Average V. is used for the determination of V..

Volume loss

Friction Total due to wear- Volume loss due

Alloy coefficient Depth D volume loss Vi W to mechanical
COF (Voo Vineon) accelerated wear Voo
wae T T mee corrosion Viyge mee
(dimensionless) (um) (103 mm?) (103 mm?) (103 mm?)
Ti-45Nb 0.40 £ 0.02 10.16 + 1.05 54.41 4 3.72 2.81 £0.34 51.60 + 3.38
98(Ti-45Nb)—2Ga 0.39 +£0.02  8.93 + 0.98 49.12 + 2.09 3.56 + 0.69 45.56 + 1.41
96(Ti-45Nb)-4Ga 0.42 +0.03  8.60 + 0.01 52.74 + 2.44 3.22 4 0.40 49.52 + 2.84
94(Ti-45Nb)-6Ga 0.38 £0.01  7.77 £0.66  45.93 £+ 2.15 2.96 + 0.47 42.97 + 2.62
92(Ti-45Nb)-8Ga 0.38 £ 0.02 5.71 + 0.1 27.90 + 3.98 2.33 £0.82 25.57 £ 3.17
Ti-6A1-4V ELI 0.40 £ 0.03 4.05 £0.84 10.41 + 4.42 0.70 £ 0.09 9.71 + 4.33

Table 6.3 contains relevant results necessary to evaluate and quantify wear: chemical
(Viwae) and mechanical (V,e.) contribution to total wear volume (V) are deter-
mined according to Eq. 3.6 — 3.8 (Ch. 3, Sec. 3.5), whereas V;,; and wear depth
(D) are computed from 3D confocal profilometry. From the characteristic curves
under applied anodic potential, it is possible to quantify wear-accelerated corrosion,
and associated volume loss (Vy4.). As it possible to infer from Table 6.3, Vi
accounts for approximately 6% of total wear volume (V;,), while at OCP condi-
tions, determined by the galvanic cell model (Ch. 3, Sec. 3.5, Eq. 3.8), Vi is
less than 3%. Guindn Pina et al. [76] successfully applied these models to a series
of B-type Ti-30Nb—(2-4)Sn alloys and concluded that wear-accelerated corrosion at
applied anodic potential represents around 5% of total wear, while the contribution
at OCP is less than 0.5%. In this work, Ti-6A1-4V ELI alloy has the lowest total
volume loss ( Vi), whereas Ti—45Nb alloy shows the greatest, followed by the four
Ti-Nb-Ga alloys. When Ga content is 8 wt.%, there is a significant decrease in
Vior- These results indicate that wear-accelerated corrosion (V) only contributes
in small amount to total wear, which is instead mostly controlled by the mechanical
sliding action ( Vieer). In conclusion, the Ga-containing alloys exhibit improved wear
resistance due to Ga addition compared to the binary Ti-45Nb alloy, but slightly
lower than that of the commercial Ti-6A1-4V ELI alloy.

6.6 Metal Ion Release During Tribocorrosion

A serious concern for implant applications is the release of metal ions, which can
induce adverse biocompatibility issues (e.g., wear-induced aseptic loosening and os-
teolysis) [85]. For this purpose, the metal ion content released in the solutions after
sliding tribocorrosion tests was measured by ICP-MS (secondment at INSA Lyon,
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France). Solutions derived from testing under OCP conditions (Sec. 6.2) were se-
lected, as the tribocorrosion conditions are significantly affected by the application
of a potential; in case of an anodic potential, metal ion release substantially in-
creases [280]. Concentrations of all scanned elements, i.e., Ti, Nb, Ga, were within
the cytotoxicity limits reported by many authors in fibroblasts and preosteoblasts
progenitor cells [31, 200, 281]. Interestingly, an increasing amount of Ga’" release
with Ga content in the alloys tested in the same conditions was detected in the
solutions. The released Ga amounts for the four Ti-Nb-Ga alloys are 1.33 (£ 0.17),
1.69 (£ 0.38), 3.41 (£ 0.02) and 2.88 (£ 0.04) ppb (or pg/L), for Ga 2, 4, 6 and 8
wt.%, respectively. The findings are consistent with the ion release studies in static
conditions (Ch. 5, Sec. 5.3), where dissolution of the alloys immersed in a corrosive
environment takes place very slow. Amounts of Ga ions released during sliding are
significantly lower, up to approximately twenty times, than in static exposure to
PBS solution.

6.7 Discussion & Chapter Summary

Discussion

Although Ti and its alloys have superior corrosion resistance, decreased Young’s
modulus and high specific strength, beneficial for load-bearing implant applications,
their success rates are impeded by insufficient wear resistance [85]. Mechanically-
assisted corrosion phenomena (i.e., tribocorrosion) severely impact the passive oxide
film integrity, thereby increasing material degradation. Metal ions released during
tribocorrosion can adversely affect the mechanical integrity as well as the biocom-
patibility of the implant [282]. Poor wear resistance causes the appearance of wear
debris, the accumulation of which in periprosthetic tissues may result in osteolysis
and aseptic loosening [85]. Wear particles released from Ti-6A1-4V alloy can induce
the release of inflammatory mediators affecting the tissues surrounding the pros-
thesis, thereby causing osteolysis [283]. Corrosion behavior of 8-Ti alloys is mainly
controlled by the role of (-stabilizing elements, such as Nb, for which a beneficial
effect on the passive oxide film has been reported [271]. However, in spite of the
high corrosion resistance, S-type Ti alloys still have poor wear resistance compared
to a4+ Ti-6A1-4V alloy [284], which still represents a major limiting factor for their
real use as biomedical implant materials. Thus, the present chapter evaluates the
influence of Ga addition to the -Ti—45Nb alloy on the tribocorrosion response and
eventual Ga ion release associated with wear-accelerated corrosion.

The present results indicate that the tribocorrosion response of Ti-45Nb alloy is
positively impacted by the addition of Ga. Repassivation time constants (#,epass) are
lower when Ga content increases, indicating a faster transient to reach pre-sliding
conditions (passive). The two alloys with Ga 6 and 8 wt.% show an increasing
drift trend towards nobler potential during tribocorrosion (Fig. 6.1a), which sug-
gests a pronounced repassivation state with less extent of depassivation, even during
mechanical wear. Evidently, experiments with applied anodic potential reveal sig-
nificant differences between the three Ti-Nb (/) alloys and Ti-6A1-4V ELI (a+/),
with important current fluctuations for the former. Since pre-sliding current for all
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the alloys at the applied anodic potential is below 10 nA, it is presumed that during
sliding, the 3-to-5 orders of magnitude greater wear current (iyeq-) is mostly flowing
through the worn areas. There is no significant difference in ., among the Ti-Nb
alloys, and the influence of the chemical composition on the measured current is
also not significant. The significantly lower i, of Ti-6A1-4V ELI alloy indicates
slow anodic dissolution during sliding. The periodic film removal (depassivation)
and formation (repassivation) keeps the current relatively high. The alloys display
a behavior similar to that one of other passive systems: a+pg-Ti and g-Ti [75, 76],
Co—-Cr—Mo alloys [277], stainless steels [247, 285], Zr-based alloys [286].

The large fluctuations observed in the friction coefficients (COF) during sliding (Fig.
6.1b) for the 5-Ti-Nb alloys are mainly attributed to the poorer wear resistance and
lower microhardness than a+ Ti-6Al1-4V ELI. The phenomena can also be ascribed
to the significant quantity of wear debris generated during the sliding tests, especially
for the Ti—Nb-based alloys, which serve as third bodies and promote wear and wear-
accelerated corrosion. COF's in this work are comparable to those of similar alloys
tested in similar conditions reported in the literature: Hacisalihoglu et al. [75] tested
different Ti alloys, among which Ti-6Al-4V and Ti-45Nb, and observed COF values
in the range 0.11 — 0.22, obtained using a ball-on-flat tribometer under an initial
normal load of 2 N against an alumina ball (curvature radius 6 mm), which is less
than half than the load applied in this work (5 N). They also observed considerable
fluctuations of COF, which were mainly attributed to wear debris caused by rubbing.
During tribocorrosion contribution analysis (Table 6.3), mechanical material loss
(Vineen) 18 dominant for all tested alloys. In comparison, V.. (and so amount
of wear debris) of the § Ti-Nb alloys is higher than Ti-6A1-4V ELI. No significant
difference among the Ti—-Nb-based alloys could be observed in the computed volumes
due to wear-accelerated corrosion ( Vi), suggesting a minimal effect of Ga on the
overall electrochemical response, as concluded in Chapter 5. The total volumetric
wear data (V) and, therefore, mechanical wear contribution (Vi) of the wear
tracks, clearly show that the addition of Ga to Ti-45Nb alloy does increase its wear
resistance. Archard’s law [287] states that material loss is inversely proportional to
the hardness of the material, which implies that materials with high hardness exhibit
low volume loss. Because of the large differences in microhardness of the investigated
alloys, experimental sliding data exhibit a strong correlation with Archard’s law, as
shown in Fig. 6.4.

The Ti-45Nb alloy has the highest volume loss, this is because it has the lowest
microhardness (147 HV;). On the other hand, Ti-6Al-4V ELI has the highest
microhardness (354 HV 1) and the lowest volume loss. The four Ga-bearing alloys
fall in between these two alloys. As the microhardness and Ga content of these
alloys increase, their volume loss decreases. It is therefore possible to state that
the wear resistance is mainly controlled by alloy composition and hardness, i.e.,
microstructural effects. The tribocorrosion studies of Cvijovi¢-Alagi¢ et al. [288]
on Ti-6A1-4V ELI alloy, subjected to different thermal routes, confirm this aspect:
total wear loss of a two-phase microstructure (a+/3) is almost twofold higher than,
for example, a martensitic microstructure, because Ti martensites are relatively soft.
Besides, in the present work, the microstructural analyses of the wear tracks (Fig.
6.3) provide strong support for the volumetric wear data. Oxidative wear consists
of surface oxide islands which are periodically formed and mechanically removed,
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Figure 6.4: Variation of total volume loss (Vi) with contributions of
mechanical wear (V,.;) and wear-accelerated corrosion (V,,.), and wear
depth (D) plotted versus microhardness (HV;), for the four Ti-Nb-Ga
alloys, together with Ti—45Nb and Ti-6A1-4V ELI reference alloys.

consequently, they are not protective, causing severe wear. In the current study, the
alloys’ surfaces are continuously in contact against the pin during the tribocorrosion
tests. As aresult, their wear resistance is impaired because they are unable to form a
thicker protective oxide layer, this leads to overall wear loss being mostly controlled
by hardness. Sub-surface strain deformation may also occur during sliding in the
near-surface zone, which opens opportunities for further investigation. Wear-related
processes are well described by Long and Rack [289] for a metastable S-type Ti-Nb
alloy: the plastic deformation of the superficial layers underneath the wear track is
related to the mechanisms of debris detachment. Altogether, these findings suggest
that plastic deformation, abrasive wear, delamination wear, and adhesive wear are
the primary causes of wear for the present alloys.

ICP-MS studies reveal the presence of Ga ions in the electrolyte solutions, suggesting
minimal dissolution during tribocorrosion tests. Detected amounts are well below (=
4 orders of magnitude) the limits reported by Chandler et al. [290], who proved no
cytotoxicity on 1929 mouse fibroblasts at Ga contents up to 1 mmol/L (70 mg/L).
The very low amounts of Ga ions released (< 4 ppb or ug L) from the alloys can be
attributed to their single-phase microstructure, i.e., solid solution. In this condition,
elements are evenly distributed throughout the alloy matrix, which favors uniform
corrosion over localized corrosion. The three elements Ti, Nb, and Ga all form
stable and passive oxide coatings in the examined potential-pH range [27], which
contribute to the low corrosion rates. Additionally, the presence of Ga can result in
the creation of Ga—O—Ga bonds in the oxide layer, enhancing wear resistance and
durability [281]. Further inquiries are needed for eventual real clinical applications
for these alloys, among which in vitro tribo- and fretting corrosion in a more complex
medium containing salts, organic molecules (e.g., proteins) and cells.
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Chapter Summary

The present chapter aimed at enlightening the tribocorrosion behavior, in relation
with microstructural features and mechanical properties, of the novel single-phase
B Ga-bearing Ti—Nb alloys. Main conclusions are:

» The following wear mechanisms contribute to degradation of the alloys: plastic
deformation, abrasive wear, delamination wear, and adhesive wear.

» Addition of Ga increases wear resistance of Ti-45Nb alloy. Such phenomenon
was correlated to the increased microhardness observed upon Ga addition in
the alloys. The lowest total volume loss V,; was observed for Ti-6Al1-4V ELI
alloy, while Ti-45Nb alloy showed the highest. Ga addition up to 8 wt.%
leads to a significant decrease in V;,;, thereby contributing to the improved
wear resistance.

» Increasing, yet minimal, amounts of Ga ions with Ga content in the alloys are
released during tribocorrosion.

» Among the investigated Ti-Nb—Ga alloys, the 92(Ti-45Nb)-8Ga alloy exhibits
the greatest wear resistance, with spontaneous tendency towards repassivation
even during mechanical degradation.

This chapter is based on the following first-author original publication:

— L.A. Alberta, J. Vishnu., Y. Douest, K. Perrin, A.-M. Trunfio-Sfarghiu, N.
Courtois, A. Gebert, B. Ter-Ovanessian, M. Calin. Tribocorrosion behavior

of B-type Ti-Nb—Ga alloys in a physiological solution. In: Tribology Interna-
tional, 181:108325 (2023). DOI: 10.1016/j.triboint.2023.108325
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Chapter 7

Tailoring Antibacterial
Microstructures by Aging
Treatments

7.1 Chapter Overview & Aims

Strategic microstructural design allows for the optimization of mechanical and chem-
ical biocompatibility, and the implementation of bio-activity against pathogens re-
sponsible for implant infections. Microstructural characteristics, in terms of type,
distribution and size of different phases, significantly influence the antibacterial abil-
ity of Cu-containing Ti alloys. In this chapter, the Cu 4 wt.% alloy was subjected to
controlled aging treatments to facilitate the formation of Ti;Cu compound, which
may improve the antibacterial properties of the alloys.

The present chapter focuses its attention on the feasibility of tailoring enhanced
mechanical, chemical and potentially antibacterial properties by thermally induced
precipitation. In Cu-containing Ti alloys, the form of Cu, i.e., incorporated in
solid solution or in intermetallic compounds [197], defines the resulting antibacterial
properties. Cu finds wide applications as antibacterial alloying element to Ti alloys,
and its antibacterial activity is often correlated with the release of Cu ions [203].
However, achieving the minimum inhibitory concentration (MIC) of Cu required to
inhibit bacteria growth through the release of Cu ions alone is not often possible [234,
291]. It was reported that MICs of Cu ions against E. coli and S. aureus are 256 and
448 pg mLt, respectively [292]; the concentration of ions released from a Ti-3Cu
alloy after 24 h immersion in S. aureus suspension is 0.16 ug mL™! [234], much lower
than the MICs, therefore insufficient to provide antibacterial activity. Therefore,
the precipitation of contact-killing Cu-containing phases (e.g., TioCu) has received
significant attention as a potential antibacterial solution [194, 203, 204]. Heat treat-
ments have a considerable impact on microstructure evolution, and so precipitation
behavior, and they may be an efficient and feasible method for achieving enhanced
mechanical properties (high strength and low modulus, in the case of implant alloys)
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and targeted antibacterial properties. Excessive Cu content (> 10 wt.%) in a Ti
alloy can lead to material embrittlement and cytotoxicity, which are both undesir-
able effects [204]. Therefore, the amount of Cu must be carefully considered for
microstructure optimization. For this study, the Ti—-Nb-based alloy containing Cu
4 wt.% was selected for the studies reported in this chapter. The designated 96(Ti—
45Nb)-4Cu was subjected to two different thermal routes (aging) and the impact
of evolved microstructures on the mechanical performance and chemical behavior is
presented and compared to as-cast (AC) and solution-treated (STQ) conditions.

7.2 Processing Routes and Thermal Stability of
a f-Type Ti—-Nb—Cu Alloy

Recent studies [218, 236] have demonstrated that the antibacterial characteristics of
Cu-bearing Ti alloys may be tuned by altering the Cu content and thermal (aging)
treatments, making optimization towards an antibacterial material attractive. In
the previous chapters (Ch. 4, 5), the effect of Cu content on the microstructural
characteristics, mechanical and chemical properties was investigated. In the present
chapter, the effect of aging treatments on the resulting microstructure and proper-
ties of a selected Cu-containing alloy composition (96(Ti-45Nb)-4Cu) was studied.
This alloy in homogenized (STQ) state shows a single BCC metastable  phase
microstructure (Ch. 4, Sec. 4.2, Fig. 4.5), which can decompose upon heating.

Profound knowledge of an alloy thermal stability plays a central role in microstruc-
ture development for targeted properties. The S-type Ti alloys are characterized by
high metastability and occurrence of several competing precipitation and decomposi-
tion reactions during heating. Thermal decomposition of the parent § phase implies
various phase transformations in function of chemical composition (presence of a-
or [-stabilizers), temperature (below or above [ transus), holding time and cooling
rates. These aspects regulate the very early phases of parent § phase decomposition
and the subsequent nucleation of precipitated phases. In the specific case of Ti—-Nb
alloys, the aging process has been described as a competition between a phase and
isothermal wis, phase precipitation [123]. The presence of the -eutectoid stabilizer
Cu in the system introduces further decomposition reactions, whose kinetics can be
suppressed or induced by adjusting the cooling rate. Cu has a tendency to form in-
termetallic compounds with Ti, and Ti alloys with low Cu content generally exhibit
a+TiyCu microstructures [228, 254].

The thermal decomposition during heating into S-field of the Cu 4 wt.% alloy was
investigated by differential scanning calorimetry (DSC). The selected thermal pro-
cessing routes with two different aging temperatures (425°C and 640°C) are illus-
trated in Fig. 7.1a. Aging temperatures were chosen based on the isochronal DSC
scan (Fig. 7.1b). Furnace cooling after aging was selected to induce precipitation
and grain growth.
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The alloy was studied in four conditions, that will be referred, from now on, as
follows:

» ‘AC’ (as-cast);

» ‘STQ’ (solution-treated at 1000°C for 24 h and quenched, or homogenized);
= ‘STQ & AG 425°C’ (homogenized, and aged at 425°C for 8 h);

» ‘STQ & AG 640°C’ (homogenized, and aged at 640°C for 8 h).
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Figure 7.1: (a) Thermal processing routes and (b) heating DSC scan, col-
lected with a heating rate of 10°C/min, of alloy 96(Ti-45Nb)—4Cu. Shaded
areas show occurrence of exothermic reactions. (c) Ti-Nb phase diagram
with selected aging temperatures.

The presence of two exothermal events in the DSC curve (shaded areas in Fig. 7.1b)
indicates the occurrence of phase transformations. The first reaction is attributed to
w-phase precipitation, which occurs at 485°C, according to the metastable w— phase
diagram of the Ti-Nb system (Fig. 7.1c) [119]. The second exothermic peak may
be due to the eutectoid decomposition reaction S-Ti — «-Ti + TiyCu, which occurs
at around 656°C according to the computational thermodynamic modelling and
experimental studies conducted on a series of Cu-bearing Ti-Nb-Ta~Zr alloys [212].
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7.3 Decomposition of -Phase During Aging

Microstructure and phase composition of the four alloys (AC, STQ, STQ & AG
425°C, STQ & AG 640°C) are investigated by SEM and X-ray diffraction (XRD).
XRD diffractograms are reported in Fig. 7.2. For the AC and ST(Q samples, only
sharp reflexes corresponding to the 8 phase (space group: Im3m) were identified
(Fig. 7.2a,b). After aging at 425°C, besides the high-intensity S-peaks, additional
broad low-intensity reflexes appear, which are assigned to the diffraction of the w
phase (space group: P6/mmm), present in small amounts (=~ 1.0 vol%) (Fig. 7.2c).
This is in accordance with the observations of Pilz et al. [47], who studied the
influence of isothermal wi, precipitation aging on the mechanical properties and
deformation mechanisms of a S-type Ti-40Nb alloy. A further increase in aging
temperature leads to dissolution of the w phase, which takes place at around 485°C
[119], and eutectoid decomposition of parent 3 phase into « phase (phase fraction:
~ 3.4 vol.%, space group: P63/mmc) and tetragonal Ti,Cu phase (phase fraction:
~ 16.4 vol.%, space group: I//mmm), indeed distinct peaks associated with these
three phases could be indexed in its XRD pattern (Fig. 7.2d). Lattice parameters
of the Ti,Cu phase, calculated by Rietveld method, are a = 2.944 A and ¢ = 10.783
A, in accordance with literature [228]. The presence of the precipitates in the 3
matrix leads to an increase of the BCC lattice parameters of the two aged condi-
tions (az5TQ & AGA2°C — 3990 A gSTQ & AG640°C — 3998 A) compared to the STQ
sample (a3°TQ = 3.284 A).
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Figure 7.2: X-ray diffractograms (with identified phases), and magnifica-
tion of 26 region 15 — 20°, of 96(Ti-45Nb)-4Cu alloy in different conditions:
(a) AC, (b) STQ, (c) STQ & AG 425°C, and (d) STQ & AG 640°C.
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Microstructures investigated by SEM-EDX are shown in Fig. 7.3. The microstruc-
ture of the as-cast alloy consists of typical cast dendrites with Cu enriched in the
Nb-lean interdendritic region, as it can be seen in the EDX mapping (Fig. 7.3b). Ho-
mogenization treatment (STQ) eliminates these chemical fluctuations, as previously
demonstrated in Fig. 4.4 (Ch. 4, Sec. 4.2). EDX mappings at high magnification
of the two aged alloys (Appendix F, Fig. F1) show homogeneous distribution of
Ti, Nb, Cu, without any significant information with respect to the precipitates,
due to their small size, below experimental detection limit. The microstructures of
the homogenized (STQ) sample and the two aged alloys consist of coarse [ grains,
with average grain sizes dg., decreasing from 323 pm to 207 pm and 127 pm for
STQ, STQ & AG 425°C and STQ & AG 640°C, respectively. Investigation at high
magnification (Fig. 7.3c) of the STQ & AG 640°C sample reveals the presence of
finely dispersed elongated and acicular dark precipitates (TipCu), embedded in the
[ matrix (gray). The « phase precipitates could be in the nanoscale range, and
therefore not visible by SEM, as reported for a similar S-type Ti alloy [293]. For
the observation of both v and w phases, TEM technique is required.
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Figure 7.3: (a) SEM micrographs of 96(Ti-45Nb)-4Cu alloy in different
conditions (AC, STQ, STQ & AG 425°C, and STQ & AG 640°C). (b) EDX
mapping of the as-cast alloy showing elemental distribution of Ti, Nb and
Cu. (c) High magnification SEM micrograph of the STQ & AG 640°C
condition.
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7.4 Evolution of Mechanical Properties During
Aging Treatments

The mechanical properties of the aged samples were evaluated by microhardness,
tensile tests and fracture analysis.
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Figure 7.4: (a) Engineering tensile stress-strain curves of the four alloys.
(b) Variation of Young’s modulus E, yield strength o', fracture strain
£max, determined from the tensile curves, and Vickers microhardness HV g ;.
(¢) SEM micrographs of tensile fracture morphologies.

Engineering stress-strain curves in tension are presented in Fig. 7.4a, and resulting
mechanical properties are showed in Fig. 7.4b and listed in Table 7.1, together
with microhardness HV ;. The four alloy conditions exhibit significantly different
behavior under tensile loading. The AC sample shows considerable yield strength
(04" = 674 MPa) and uniform elongation with limited strain hardening (n = 0.04),
whereas the STQ sample shows the highest ductility (. = 28%) and lowest yield
strength (o' = 539 MPa). Isothermal aging at 425°C followed by furnace cooling
leads to a very high o' value of 1196 MPa. The achievement of this high strength
goes along with a drastic deterioration of ductility (emax = 2%), the alloy fractures
immediately after yielding, thus showing almost no plasticity. On the contrary, the
sample aged at 640°C exhibits moderate yield strength (o,*" = 578 MPa) and strain
at fracture (emax = 10%), and conspicuous strain hardening (n = 0.11). The four
alloys display significantly different microhardness HV o1 (Fig. 7.4b). The highest
value, exceeding 350 HV 1, is measured for STQ & AG 425°C, whereas the other
three samples have microhardness in the range 208 — 236 HV;, with an average
increase of ~ 34% compared to Ti-45Nb alloy. The Young’s modulus F also varies,
and it increases from 73 GPa (STQ) and 75 GPa (AC), to 78 GPa (STQ & AG
640°C), up to a maximum of 84 GPa (STQ & AG 425°C).
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The plastic behavior of the alloys can impact its fracture surface characteristics,
which can be evaluated through fractography to gain insight into the underlying
failure mechanisms. Fig. 7.4c displays the fracture surfaces after tensile tests.
Numerous micrometer-sized (& = 5.3 pm) dimples are finely distributed in the
surface of the AC alloy, whereas dual dimple size (& = 0.65 pm, and @ = 9.7 um)
is present on the STQ & AG 640°C alloy. The ST(Q alloy exhibits largely elongated
parabolic dimples along shear planes. Morphology of STQ & AG 425°C alloy shows
relatively smooth areas. Dimple formation often implies ductile fracture, whereas
smooth areas showing cleavage facets indicate brittle fracture [294]. Fractography
results indicate that deformation of STQ sample is greater than that of the other
samples, which is consistent with the large plastic strain of 28%.

Table 7.1: Mechanical properties determined from microhardness mea-
surements and tensile tests.

Tensile tests

Sample HVoa E oy tens ouUTS ot Emax de
(GPa) (MPa) (MPa) (MPa) (%) (MJ m3)

AC 236 + 8 7 +1 674 £16 689 £23 560 & 14 944 3.70 £0.19

STQ 223 + 4 73 £2 539 £10 544 +10 83 %19 28 £3 251 £0.05

STQ & AG 425°C 375 + 14 84 +2 1196 £ 10 1223 +£30 1207 + 29 2+1 9.74 +023
STQ & AG 640°C 208 + 6 78 £1 578 £16 662 +£23 575 +7 10 +3 2.71 £0.13

Investigation of elasticity is essential to ensure safe performance during service of
an implant material, for which high strength and low elastic modulus are required,
and that operates within the elastic limit. Elastic energy d,, calculated according
to Eq. 3.4 (Ch. 3, Sec. 3.4), of the four alloys is presented in Table 7.1. Clearly,
microstructural properties have a significant effect on the elastic energy variation.
It is noted that the STQ & AG 425°C sample has the highest elastic energy (9.74
MJ m™), similar to 9.89 MJ m™ reported for a S-type Ti-35Nb-7Zr-4Cu alloy [209].
However, this samples also shows the highest F (84 GPa), brittleness and almost
no plasticity. On the other hand, the STQ & AG 640°C sample exhibits a good
combination of mechanical characteristics: acceptable elastic energy (2.71 MJ m™),
which is & 7% higher than STQ alloy, and ~ 30% higher than Ti-45Nb alloy (1.90
MJ m™?), a low Young’s modulus (78 GPa), and high strength (578 MPa), which is
~ 7% higher than STQ sample and ~ 27% higher than Ti-45Nb alloy (423 MPa),
making it a promising candidate for load-bearing implant applications.

7.5 Influence of Microstructure on Corrosion &
Cu Ion Release

The microstructure of the alloy, specifically the chemical nature and distribution of
Cu, plays a significant role in determining the corrosion response. General corrosion
assessment and ion release studies for the Cu 4 wt.% alloy in various conditions are
conducted in PBS solution at 37.5°C.
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Figure 7.5: (a) Variation of open circuit potential (OCP) with time,
and (b) potentiodynamic polarization curves recorded at a scan rate of 0.5
mV s of the alloy Cu 4 wt.% in different conditions and a pure Cu elec-
trode (for comparison purposes). All tests are conducted in PBS at 37.5°C.

Table 7.2: Electrochemical parameters extracted from the corrosion tests:
open circuit potential (Focp), corrosion potential (FE.,,..), corrosion current
density (jeorr), and passive current density determined at +0.4 (Jpass(+0.4v))
and +1 (Jpass(+1vy) V vs. SCE.

AHOy EOCP Ecorr jcorr jpass(+0.4\/) jpass(—i—lV)
(mV vs. SCE) (mV vs. SCE)  (nA cm™) (uA cm™?) (LA cm?)

AC -249 4 16 -275 4+ 16 51 +3 3.23 4+ 0.57 4.88 4+ 1.30
STQ -307 + 28 -312 £+ 41 69 + 16 3.68 £+ 0.75 4.55 4+ 1.74
STQ & AG 425°C  -241 £+ 12 -276 + 20 59 + 14 4.32 4+ 0.82 38.07 + 7.31
STQ & AG 640°C  -243 + 24 -274 + 23 95 + 12 3.96 +0.05 5.74 £ 0.35

Corrosion tests are presented in Fig. 7.5 and the extracted electrochemical param-
eters are summarized in Table 7.2. Fig. 7.5a shows the variation of the open circuit
potential (Eocp) over a period of 4 h of the four alloy conditions, compared to a
pure copper electrode. The curve of pure Cu exhibits a drop before stabilizing at
-217 mV vs. SCE. The initial decrease is often attributed to the dissolution of the
native oxide, formed upon exposure to the atmosphere; moreover, the shift to nega-
tive potentials signifies a very active surface [295]. On the other hand, Eocp of the
four samples increase to noble values, stabilizing at ~ -260 mV vs. SCE, close to
the pure Cu curve, with no significant differences within them.

Fig. 7.5b shows representative potentiodynamic polarization curves, after OCP
stabilization, for the four samples and pure Cu (for comparison). Values of E,.
are similar to those of Fpcp with a difference of less than 9%, which shows that
the steady state was reached prior to the initiation of the polarization tests. The
polarization response of the four samples is similar among them, with 7., below
100 nA cm™, which is approximately two orders of magnitude lower than ... (4290
nA cm?) for pure Cu, indicative of its high reactivity; the behavior of pure Cu in
this work is comparable to that one investigated in chlorine media at pH 6.5, with
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similar Tafel-type active region and j... in the same order of magnitude [296]. In
the case of the four Ti alloys, upon anodic polarization, a transition to a passive
plateau, with j,.s of &~ 4 uA cm™, takes place and remains stable up to +1 V vs.
SCE, except for the STQ & AG 425°C sample, where 7,4 starts to significantly
increase up to 38 pA cm™?. Spikes in the passive current, as indicated by arrows
in inset of Fig. 7.5b, are visible in the two aged alloys, and can be attributed to
the formation of metastable pits, or local oxidation of segregated phases. Overall,
the displayed corrosion behavior is typical for valve metals, which spontaneously
form barrier-type low conductive passive films, and it is indicative of their very high
corrosion resistance when in contact with water-based solutions.

The Cu ion release study of the four Cu-bearing Ti alloys were performed over two
weeks of immersion time in PBS solution at 37.5°C. Results are shown in Fig. 7.6
and summarized in Table 7.3. Testing procedure implies replacing the electrolyte
solution with fresh one at each time point. This means that the exposure times to
fresh PBS solution are 1, 24, 48, 96 and 168 hours (methodology in Ch. 3, Sec. 3.5).
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Figure 7.6: Concentration of Cu ions released (in 10°° mmol mL*, uM or

pg L) from the alloys immersed for two weeks in PBS solution at 37.5°C.

Table 7.3: Results of Cu ion release studies of Fig. 7.6.

Cu amounts [ug L]

Sample 1h 24 h 48 h 96 h 168 h
AC 192 12 57 +7 28 + 8 24 4 2 16 +1
STQ 146 +£32 78 +16 77 +22 59+16 55 £10

STQ & AG 425°C 133 +30 65 +3 59 + 8 45 + 5 45 + 7
STQ & AG 640°C 90 + 19 46 + 6 29 +5 27 +3 22 4+ 3
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All four samples exhibit a burst release of Cu after 1 hour of immersion, which is
indicative of the very high reactivity of the surfaces. The greatest amount of Cu
release (192 pug L) was recorded for the AC sample, while the STQ & AG 640°C
sample showed the least release (90 ug L), with a value almost half of the largest.
Release of Cu exponentially decreases over time, and it starts to stabilize after 24 h
of immersion up until 168 h with no significant difference among the four samples,
which suggests a quasi-constant release with time, and therefore potentially long-
lasting antibacterial activity.

7.6 Discussion & Chapter Summary

Discussion

The focus of the present chapter is on the impact of evolved microstructures on
the mechanical performance and corrosion behavior of the designated alloy (96(Ti-
45Nb)—4Cu), subjected to different thermal (aging) routes (homogenization followed
by aging at 425°C or 640°C, for 8 h, and furnace cooled).

Investigations by X-ray diffraction (XRD) and electron microscopy (SEM) clearly
show the evolution of the microstructures. The AC and STQ alloys consist both
of a single-phase g (Fig. 7.2). Microstructures of similar as-cast and solution-
treated Ti-Nb-Cu alloys, with Nb and Cu contents above 30 and around 4 wt.%,
respectively, are also composed of a single-phase /3, and exhibit equiaxed grains [210,
226]. This is attributed to the fS-stabilizing effect of both Cu and Nb, that leads
to a decrease of the a-f transformation temperature [261]. Isothermal holdings at
425°C and at 640°C followed by furnace cooling (i.e., aging treatments), lead first
to w phase precipitation, and then to the solid-state decomposition reaction of the
parent (3 phase into secondary phases o and Ti;Cu. In the recent work of Pilz et
al. [47], the effect of aging heat treatments on resulting microstructures of a Ti-
40ND alloy was investigated by synchrotron XRD (SXRD). The phase composition
of the Ti-40Nb alloy after recrystallization annealing consists of a single-phase (3, as
the diffractogram shows only reflexes corresponding to the g phase, however, after
aging at 573 K for 1 h, an additional peak, associated with wi, phase, appears.
With increasing aging time (up to 30 h), additional wi, reflexes become apparent,
and no other peaks belonging to additional phases. Indeed, the single-phase (-
type microstructure of the recrystallized state was also confirmed by TEM studies,
whereas, after aging, TEM reveals the presence of fine wi, precipitates densely
and homogeneously distributed in the § matrix. After an aging time of 30 h, the
precipitates have dimensions below 15 nm, emphasizing the sluggish w precipitation
process due to low solute diffusion of Nb in Ti at high Nb content [119].

Microstructure significantly affects the mechanical response of the investigated al-
loys. The high microhardness (HV; = 375) and tensile yield strength (o, =
1196) of the S+w sample could be due to precipitation hardening resulting from
the resistance to movement of dislocations, due to the presence of a finely dispersed
w precipitate, as similarly shown by Pilz et al. [47] in an aged S-type Ti—40Nb al-
loy. However, TEM studies are needed to support this hypothesis. The remarkable
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yield strength, almost 1.2 GPa, is achieved at the expense of a limited ductility
(Emax = 2%), resulting in a more brittle material than the initial state (STQ). The
three-phase aged alloy contains a relatively high volume fraction (16.4 vol.%) of
TiyCu phase. However, if compared to the ST(Q sample, it only leads to a mild
increase in yield strength (g tens STQ & AG6I0°C — 578 \[Pa, ¢ tns STQ = 539 MPa)
and strain hardening, with a slight decrease in microhardness (HV ,5TQ & AG 640°C
= 208, HV(,5TQ® = 223) and a significant reduction, nearly threefold, in ductility
(Emax>TQEAGHI0C — 10% 2., STQ = 28%). This modest precipitation hardening,
together with reduced ductility and mild increase in strength, has also been ob-
served in similar Ti-Nb—Cu alloys consisting of a f+TisCu+4« microstructure, and
it has been attributed to extensive precipitation of crystallized TisCu phase [226].
The STQ sample exhibits the highest ductility, because of the single-phase g mi-
crostructure. The AC condition, also consisting of a single-phase § microstructure,
was expected to exhibit a similar degree of ductility. However, its lack of ductil-
ity prompted the hypothesis that some Ti;Cu phase may be present in the alloy,
perhaps in quantities below the XRD detection limit. This hypothesis is supported
by the studies previously reported (Ch. 4, Sec. 4.2, Fig. 4.1), which reveal the
presence of TioCu when Cu is 6 wt.% in AC state. Nevertheless, three of these
alloys satisfy the requirements of elongation at fracture (> 8%) for the manufacture
of surgical implants according to international standards (ISO 5832-3:2021 [297]).
Dimples, which are characteristic of ductile fracture, were observed on their fracture
surfaces (Fig. 7.4c). Dimple size depends on the properties of the phases, relative
strength between matrix and secondary particles, and bonding strength of the in-
terface [226]. In the present work, dimple size well correlates with the increase in
elongation (€pax, Table 7.1), in the order: ‘STQ & AG 425°C’ > ‘AC’ > ‘STQ & AG
640°C’ > ‘STQ’. Regarding the Young’s modulus (Table 7.1), determined from the
linear elastic region of the tensile stress-strain curves (Fig. 7.4a), one can observe
that E significantly increases for the STQ & AG 425°C alloy, whereas the STQ &
AG 640°C sample exhibits a value of 78 GPa, comparable with the AC and STQ
samples, and which is much lower than that of commercial medical Ti alloys.

Corrosion investigations were conducted in simulated physiological conditions and
reveal high corrosion resistance for the four alloys. Their polarization curves (Fig.
7.5b) exhibit significant active-passive characteristics. In the cathodic zone, the
current density decreases with applied potential, up to a minimum, which corre-
sponds to the corrosion potential E.,.. As the potential increases further, current
density increases, indicating the occurrence of oxidation reactions on the surface of
the working electrode (i.e., studied alloy). Corrosion current densities (jeop), de-
termined by Tafel extrapolation, are low, in the same order of magnitude (< 100
nA cm?), and are similar to those determined for the other alloys developed in the
present work (Ch. 5, Sec. 5.2, Table 5.1). The curves transfer to a stable plateau
at = 0V vs. SCE, however, at =~ +0.5 V vs. SCE, the current density starts to sig-
nificantly increase for one alloy (STQ & AG 425°C), the phenomenon is attributed
to local dissolution of w phase [298]. Passive current densities (jpuss) are low, and
indicate the formation of a stable passive oxide film [63]. The corrosion resistance
of Cu-bearing Ti alloys is reported to be largely influenced by the resulting mi-
crostructures, as the different phases have different corrosion potentials [299]. The
presence of TiyCu in the aged sample was expected to have a significant impact on
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the corrosion response of the alloys, but it did not. The corrosion mechanism of
as cast binary Ti—(4,10)Cu (wt.%) alloys exhibiting a+Ti,Cu microstructures was
recently reported [300]. The authors acquired surface volt potential maps by Kelvin
probe force microscopy (KPFM), and demonstrated that the TioCu has a more ac-
tive potential than the a-Ti matrix. This suggests the formation of a significant
number of micro-galvanic cells, where the a-Ti phase acts as local micro-anode and
preferentially corrodes. However, this deleterious effect can be avoided or minimized
in hypoeutectoid heat treated Ti—Cu alloys with Cu content below 5 wt.% [299]. In
a similar manner, improved corrosion resistance was observed for a heat treated
Ti-5Cu alloy consisting of a-Ti, TipCu and transformed (§ phases [221]. Many au-
thors suggest that a uniform distribution of TisCu phase within the matrix provides
a ‘protective barrier’, which minimizes local galvanic effects, therefore enhancing
corrosion protection [65, 202, 299, 300]. On the other hand, galvanic couples can-
not be minimized in non-homogeneous microstructures, resulting in deterioration of
corrosion resistance [221].

These aspects also support the present ion release studies. Indeed, the lowest release
is measured for the TisCu-containing microstructure, whereas the highest release oc-
curred for the AC sample, due to the compositionally inhomogeneous microstructure
with Cu segregation in the interdendritic regions (Fig. 7.3b). The amounts of Cu
released are comparable with the 7-day exposure studies reported for 92(Ti—45Nb)—
8Cu in STQ state (Ch. 5, Sec. 5.3). A direct relationship between Cu content in
the alloy and Cu released could be established: the greater the amount of Cu in the
alloy, the greater the amount of Cu that is released. The alloy Cu 4 wt.% (STQ)
released 146 pg Lt of Cu, whereas the alloy Cu 8 wt.% (STQ) released 217 ug L.
Interestingly, in view of the studies presented in this chapter, it is possible to con-
firm that the greatest burst release occurs in the first hour of exposure. The present
results well correlate with the recent report of Ren et al. [301], aimed at evaluating
the biosafety of Ti-6A1-4V—-Cu and Ti—Cu alloys, both in vitro and in vivo. The
results of their studies, among which ion release, indicate that the alloys meet the
requirements of ISO standards. Amounts of Cu ion released range between ~ 100
pug Lt after 1 day and ~ 400 ug L after 30 days. The authors concluded that the
alloys have satisfactory biocompatibility. Cumulative analysis of the present results
indicate a maximum Cu release ranging between 215 — 414 ug L, reinforcing the
consistency of the present studies with those reported in previous literature. How-
ever, it should be noted that the biological response can be difficult to predict, and
as such, experimental confirmation is necessary to fully establish their biocompati-
bility. In addition, the antibacterial properties of Ti,Cu against relevant pathogens
also requires additional experimental evaluation. It was demonstrated that heat
treated Ti—(2.5-14)Cu alloys containing different morphologies (lamellar, granular)
of TisCu precipitate exert powerful antibacterial activity against S. aureus [65]. The
authors proposed a micro-galvanic corrosion model able to explain the different an-
tibacterial behavior observed in the different Ti,Cu morphologies, and concluded
that the lamellar structure exhibits better performance, with antibacterial rates of
99.5% due to rapid release of Cu ions.
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Chapter Summary

Different thermal treatments (aging) routes were implemented to evaluate the effects
of evolved microstructures on mechanical biofunctionality and corrosion response of
a [-type 96(Ti-45Nb)—4Cu alloy. The special focus was to facilitate, by controlled
heating, the formation of a potentially bacteria-killing TioCu compound, and study
the impact of the resulted TisCu-containing microstructure on the mechanical and
corrosion properties. The main outcomes of the present chapter can be summarized
as follows:

» Aging treatments, on the homogenized alloy, at 425°C or 640°C for 8 h and
subsequent furnace cooling, lead to decomposition of the parent 5 phase into
b4w and f+Ti,Cu+a microstructures, respectively.

» The f+w alloy exhibits the highest yield strength (o,*" = 1196 MPa) and
microhardness (HV; = 375), and reduced ductility (epa.x = 2%). The TiyCu-
containing alloy exhibits a slight increase in strength (o' = 578 MPa) com-
pared to the STQ (o,"" = 539 MPa) sample, and a significant reduction
in ductility (emax = 10%), which still meets ISO requirements for the man-
ufacture of surgical implants. Strengthening effects are mainly attributed to
precipitation hardening.

* The Young’s modulus of the two aged alloys is 78 and 84 GPa, which is low if
compared to medical alloys currently in use.

» General corrosion response in simulated physiological conditions is not sig-
nificantly affected by the presence of the precipitates, with F,.. & -240 mV
vs. SCE and je < 100 nA ecm™. The aged samples exhibit high corrosion
resistance in the explored simulated physiological environment.

» Cu ions release studies over two weeks reveal a burst release in the first hour
and then a constant release of ~ 46 ug L™ over time. The AC sample released
the greatest amount of Cu because of Cu-segregated dendrites, whereas the
lowest release was observed for the TiyCu-containing microstructure, which
might ensure a long-lasting antibacterial activity by contact-killing mechanism.

In conclusion, the promising combination of microstructure, mechanical and cor-
rosion characteristics found in the Ti;Cu-bearing alloy highlights the potential of
strategic microstructural design. Nevertheless, evaluation of the biological safety
and antibacterial properties of this alloy are necessary in determining its potential
for practical medical applications.
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Chapter 8

Conclusions & Future Perspectives

The rising incidence of bacterial infections and the inadequate mechanical biocom-
patibility of today’s load-bearing implant materials constitute real challenges for
the scientific community. Public health is seriously endangered if these challenges
are not properly addressed and resolved. Therefore, in recent years, there has been
increasing research attention towards developing materials that render the surface
of implants resistant to bacterial biofilm contamination to reduce the infection risk,
and thus to ultimately improve the overall quality of life of patients with implanted
medical devices.

The main objective of the present work was to develop and characterize novel
Ti-based alloys with low modulus and potential antibacterial properties for bone-
related implant applications. The alloy design research strategy has taken into
consideration the following aspects:

(i) the elastic (Young’s) modulus of Ti alloys can be significantly reduced by
formation of a single-phase 5 (BCC) microstructure, by carefully adjusting
the content of biocompatible S-stabilizing alloying additions;

(ii) the antibacterial properties can be induced by incorporating bactericidal al-
loying elements in the alloy composition.

The starting composition was Ti-45Nb (wt.%) alloy with a single-phase § mi-
crostructure and low Young’s modulus. Minor amounts of the antibacterial elements
Ga and/or Cu were systematically added to it to produce, by controlled casting, nine
alloys with the following chemical compositions (wt.%): (100-x)(Ti-45Nb)—=xGa,
(100-x)(Ti-45Nb)—xCu (where x = 2, 4, 6, 8 wt.%), and 96(Ti-45Nb)-2Ga-2Cu.
The main goal of the thesis was to investigate the effect of antibacterial additions
and processing conditions on the structural, mechanical and chemical properties of
the Ti—-Nb alloys. This fundamental study aims to contribute to the understanding
of these materials, and to facilitate their future use as antibacterial biomaterials.
The main conclusions are presented below and possible directions for future lines of
research are suggested.
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Conclusions

Nine Ti-45Nb-based alloys containing Ga and/or Cu (up to 8 wt.%) were produced
by arc-melting and cold-crucible casting. Subsequently, the alloys were homogenized
by a solid solution treatment for 24 h at 1000°C (5 phase field) and rapidly cooled
to RT by quenching into water (STQ treatment).

The conclusions of the present thesis are grouped as follows:

(A) impact of antibacterial alloying additions Ga and Cu on microstructural, me-
chanical, corrosion, tribocorrosion, and ion release properties (Chapters 4-6),

(B) effect of aging thermal treatments on microstructural, mechanical, corrosion,
and ion release properties of one selected Cu-bearing alloy (Chapter 7).

(A) The main outcomes of the studies aimed at exploring the effect of Ga and
Cu additions on various alloys’ properties are summarized below.

» Alloy design tools (e/a, [Mo]e,) were used to select alloys’ compositions
to retain a  phase upon quenching. The nine developed alloys can be
classified as metastable- and near-g alloys.

* Microstructural investigations, based on X-ray diffraction (XRD)
analyses, reveal that the (-isomorphous stabilizing effect of Nb prevails
over the a-stabilizing effect of Ga and (-eutectoid effect of Cu, therefore
leading to single-phase 5 (BCC) microstructures for all homogenized al-
loys. Rietveld refinements of diffraction patterns indicate that the cubic
lattice parameters ag are sensitive to the content of both Ga and Cu.
This aspect results in an almost linear contraction of the BCC lattice
upon their addition, which was correlated with the improvement of the
mechanical properties. Electron microscopy (SEM) studies reveal ho-
mogeneous microstructures consisting of coarse equiaxed [-grains. The
addition of Ga introduces a significant grain refinement effect.

» Mechanical characteristics, investigated by microhardness, ultrasonic,
tensile and compression tests, reveal a general strengthening effect, mainly
attributed to substitutional solid solution strengthening, and to grain
boundary strengthening in the case of the Ga-bearing alloys. The man-
ufacture of surgical implants strictly adheres to international standards.
In view of this, all the nine homogenized alloys meet strength (o, > 520
MPa) and elongation requirements (£, > 8%) according to ISO 5832—
2:2018 [302], thus making them suitable for the intended application. The
studied alloys display significant plasticity and ductility in both tension
and compression. The main advantage of the present alloys is represented
by their low Young’s modulus F, which is up to 40% lower than that of
the commercial medical alloy Ti-6A1-4V ELI (E = 111 GPa), thus con-
tributing to reduce the stress-shielding phenomenon. More specifically,
Young’s modulus values are 64 — 79 GPa for the four Ga-bearing Ti al-
loys, 76 — 104 GPa for the four Cu-bearing Ti alloys, and 75 GPa for the
2Ga-2Cu alloy.
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* Phase stability and deformation behavior were investigated using
complementary methods: compression testing, EBSD analysis and X-ray
diffraction. The [ phase of all nine homogenized alloys is relatively stable
towards high compressive strains, with no sign of stress-induced phases,
therefore suggesting dislocation slip as dominant deformation mechanism.

» Corrosion behavior in a simulated physiological environment (PBS so-
lution at 37.5°C) is studied by OCP monitoring and potentiodynamic
polarization tests. The results indicate that the homogenized alloys en-
sure high corrosion resistance in the body environment, mitigating the
risk of localized corrosion, which might lead to the release of ions, and
thus minimizing any adverse effects on the surrounding biological envi-
ronment. This is attributed to their low alloying content of Ga and Cu,
as evidenced by the low corrosion current densities (jeorr < 106 nA cm™)
and passive current densities (jpass < 5.2 A ¢cm™?), comparable to the
reference Ti-45Nb alloy.

» Tribocorrosion properties of the four Ti-Nb—Ga alloys in PBS solu-
tion were studied by a combination of electrochemical methods (OCP
monitoring, potentiostatic tests) while sliding against an alumina pin,
and ex situ surface investigations by 3D confocal microscopy and elec-
tron microscopy (SEM). The results indicate that the addition of Ga
to Ti-45Nb alloys improves its wear resistance in the corrosive environ-
ment, as indicated by the significant decrease of total volume loss ( V),
which was correlated to the increased microhardness, in accordance with
Archard’s law. The presence of Ga also increases repassivation kinet-
ics compared to Ti-6Al1-4V ELI, indicating that the Ga-bearing alloys
possess a spontaneous tendency to repassivate even during mechanical
degradation. Microstructural ex situ investigations revealed the preva-
lent tribocorrosion mechanisms: plastic deformation, abrasive wear, de-
lamination wear, and adhesive wear. Amounts of Ga ions (< 4 ppb)
released during the tribocorrosion tests, investigated by ICP-MS, suggest
minimal dissolution during sliding tests and are well below (~ 4 orders
of magnitude) cytotoxicity limits reported in the literature.

» Metal ions release studies were conducted by exposing the two homog-
enized alloys with the highest amount of Ga/Cu (8 wt.%) to a corrosive
environment (PBS solution at 37.5°C) for 7 days. The two alloys release
24 pg Lt of Ga ions and 217 pg Lt of Cu ions, respectively, indicating
an ion release for Cu greater than Ga. Overall, the amounts released
are considered to be within the cytotoxicity limits. The low release, and
so low dissolution rate, is mainly attributed to the alloys’ single-phase
microstructure, i.e., solid solution. Cu ions are released from the alloys
in higher amounts than Ga ions, thereby suggesting a more powerful po-
tential antibacterial activity by Cu ion release bacteria-killing mechanism
for the Cu-bearing alloy.
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(B) Aging thermal treatments on a selected Ti-Nb—Cu alloy composition (Cu
4 wt.%) were conducted to study the impact of evolved microstructures on
various properties, with the final aim of tailoring potentially antibacterial mi-
crostructures. The two aged alloys are compared to the initial states (as-cast,
STQ). Main findings are:

» Homogenization followed by two isothermal holdings (aging) below (-
transus (425°C or 640°C for 8 h followed by furnace cooling) lead to the
decomposition of the [ phase into two microstructures consisting of
f4w (STQ & AG 425°C) and f+TipCu+a (STQ & AG 640°C) phases.

» Mechanical properties are significantly affected by the aging treat-
ments, when compared to as-cast and STQ conditions. The two aged
alloys exhibit, when compared to the initial state (STQ), a substantial in-
crease in yield strength (o, = 1196, 578 MPa) and microhardness (HV
= 375, 208) for STQ & AG 425°C and STQ & AG 640°C alloys, respec-
tively. The increase in strength comes at the expenses of ductility, with
fracture strains €., of 2% and 10%, for STQ & AG 425°C and STQ
& AG 640°C, respectively. Strengthening effects are mainly attributed
to precipitation hardening. The Young’s modulus (ESTQ & AG640°C — gy
GPa, FSTQ&AGHIOC — 78 GPa) of the two aged alloys, despite the in-
crease (ESTQ = 73 GPa), remains low if compared to clinical alloys, and
therefore mechanically biocompatible.

» Corrosion response of the two aged alloys in simulated physiological
conditions is not significantly altered by the presence of the precipitates,
thus suggesting high corrosion resistance in the explored conditions. Dur-
ing anodic polarization, in the passive regime, the curves of the two aged
alloys exhibit current spikes, which can be attributed to the formation of
metastable pits, or local dissolution of segregated phases. Corrosion cur-
rent densities (jeorr) and passive current densities (jpqs5) are in the same
order of magnitude as those determined for the homogenized alloys pre-
viously discussed. The two aged alloys exhibit corrosion behavior similar
to the as-cast and STQ alloys, which is the typical behavior for valve
metals (e.g., Ti, Nb), that dominate the overall corrosion response.

» Significant differences in the amounts of Cu ions released over two
weeks, with a burst release in the first hour, were attributed to the local
distribution of Cu. In the examined alloys, Cu is in different forms:
either embedded in a homogeneous solid solution (STQ alloy), or enriched
in the interdendritic region (as-cast alloy), or in the precipitated TiyCu
intermetallic compound (after aging treatment). The Ti,Cu-containing
microstructure exhibits the lowest ion release, which might ensure a long-
lasting antibacterial activity by contact-killing mechanism. However, an
in-depth study of the TisCu nano-scaled precipitates by TEM is required,
and is currently ongoing.

The research gathered in the present work marks a substantial advancement in the
field of low-modulus S-type Ti alloys for antibacterial implant applications. As a
whole, the following alloys could be promising candidates for future studies:
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» The ternary Ga-containing alloys (100-x)(Ti-45Nb)—xGa (x = 2, 4, 6, 8 wt.%)
exhibit a great combination of mechanical properties, consisting in: low Young’s
modulus (E = 64 — 82 GPa), high tensile yield strength (o,*" = 551 — 681
MPa) and compressive yield strength (o,°™" = 548 — 607 MPa), good hard-
ness (HV 1 = 174 — 232), high plasticity and elongation (ep.x = 17 — 32 %),
and therefore high load-bearing capacity. Moreover, the alloys display excep-
tional corrosion resistance in simulated physiological conditions. In particular,
the Ga 8 wt.% alloy displays the best tribocorrosion and wear resistance with
fast repassivation behavior and low ion release.

» Regarding the Cu-containing alloys, the one with Cu 4 wt.% is the best per-
forming alloy in the homogenized state: acceptable Young’s modulus (£ = 98
GPa), relatively high yield strength (o,*" = 539 MPa, o,°™" = 525 MPa),
modest elongation (emax = 28%), and high corrosion resistance.

» The quaternary (2Ga—2Cu) alloy has mechanical and corrosion properties com-
parable to the two alloys containing 4 wt.% of Ga or Cu.

Future Perspectives

The process of translating scientific advances from the lab bench to an industrial
product, and then to a successful clinical application, which would be the end goal of
the present work, is a long endeavor. The fundamental systematic studies performed
in the present work, even though significant in the field of low-modulus S-type Ti—
Nb alloys, do not claim to be exhaustive and there are several research aspects
that deserve closer attention. The following suggestions are hereby presented for
consideration.

» The [ phase can be stabilized at RT upon quenching from the high-temperature
p-field, despite minor additions of a- and/or - stabilizers up to 8 wt.%. Fur-
ther studies with incremental amounts of the alloying elements Ga and Cu
would allow determination of the critical limit of S phase stabilization. This
would permit to develop alloys with the maximum potential antibacterial ac-
tivity and lowest achievable Young’s modulus.

» The aging treatments carried out on the Ti-Nb—Cu alloy could be optimized
by adjusting holding time to achieve optimal hardness and plasticity, while
retaining low stiffness and bacteria-killing Cu-containing phases.

» Further insights into the § phase stability and deformation mechanisms could
be gained by exploring different stress and strain types and levels, including
static and cyclic loads in tension and compression; in the present work, these
aspects were only studied by applying a quasi-static high compressive load. A
deep understanding of the deformation mechanisms permits optimized alloy
design to improve implant lifetime. Furthermore, by fine-tuning the amount
of Nb present, these -Ti alloys have the ability to undergo a thermoelastic
martensitic transformation, shifting from parent 5 (BCC) phase to «” marten-
site (orthorhombic). This aspect results in shape recovery effects above RT,
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making these alloys promising candidates that aim to replace Ti—Ni alloys for
biomedical applications.

» Corrosion and tribocorrosion properties represent a possible area of develop-
ment: in vitro tribo-electrochemical testing, including fretting conditions, at
different pH, in a more complex medium and in presence of organic molecules,
proteins, salts and cells. Understanding the impact of the diverse species
present in body fluids is crucial for developing more precise and standardized
testing procedures that can anticipate and comprehend the in vivo behavior
of the alloys.

» Comprehensive biological compatibility and antibacterial studies are neces-
sary to evaluate the suitability of these alloys for biomedical implant appli-
cations. Preliminary biological studies (reported below) have demonstrated
good in vitro cytocompatibility of the developed Ga-containing alloys.

» Recognizing the critical need to bridge the gap between research and industry,
collaborative academia-industry research emerges as an indispensable step. To
this end, demonstrator studies (reported below) will contribute to translate the
scientific findings into practical solutions.

As final considerations, additive manufacturing techniques (e.g., selective laser melt-
ing), have several advantages over conventional casting, among which higher effi-
ciency and less material waste due to machining, production of near-net-shape com-
ponents, and superior properties such as strength, wear and corrosion resistance.
This is due to the ability to control the size, shape and distribution of the pow-
der particles, which allows for tuning the resulting microstructures. Post-processing
surface modifications are required for a real clinical use: surface treatment is an
important aspect of the manufacturing process. Clinically-used metallic materials
undergo surface treatments (e.g., anodization, sandblasting, etching), which sig-
nificantly alter surface properties (chemistry and morphology), and therefore their
response to the external environment. All these aspects must be attentively consid-
ered for the design of future implant technologies with enhanced safety and efficacy.

Additional Collaborative Work

Preliminary Biological Studies
(collaboration with University of Gothenburg, Sweden)

Cytocompatibility evaluation is a key step in the design and development of new
biomedical materials. In order to ensure that a biomaterial is suitable for medical
use, it is necessary to assess its ability to support cell adhesion, growth and func-
tion. Host cell attachment to a biomaterial could be favorable in terms of infection
prevention, since it would limit bacterial colonization, and thus the risk of implant
failure due to infection.

To this end, preliminary biological studies were conducted on the four Ti-Nb-Ga al-
loys with the help of our colleagues from the Department of Biomaterials, University
of Gothenburg (Sweden). Direct adhesion assay was performed by seeding THP-1
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Figure 8.1: THP-1 macrophages cell adhesion on the four Ti-Nb-Ga al-
loys, Ti—45Nb, pure Ti and polystyrene controls after 48 h incubation.

cells, a common model cell to study macrophage activity, onto the alloys’ surfaces,
results of which are shown in Fig. 8.1 (detailed methodology in Appendix G). No
significance was obtained when comparing the number of cells adhered to the four
Ga-containing Ti-Nb alloys and the binary Ti-45Nb reference alloy. The number of
cells attached to the surfaces was also comparable to the surfaces of the control ma-
terials titanium and polystyrene. These results well correlate with the high corrosion
resistance and low ion release of the alloys (Ch. 5 Sec. 5.3, Ch. 6 Sec. 6.6), due to
the biocompatible inert surface [271]. These findings provide preliminary evidence
of the biocompatibility and safety of the developed Ga-bearing Ti-Nb alloys, which
are proved to be suitable for further testing.

Fabrication of a Dental Implant Demonstrator
(collaboration with Anthogyr S.A.S., France)

A dental implant was fabricated with one of the Ga-containing alloys developed in
this work as demonstrator. The project was carried out in collaboration with Anth-
ogyr S.A.S. (France), with the aim of testing fatigue properties of the manufactured
implants in artificial saliva. The choice of 92(Ti-45Nb)-8Ga alloy, in homogenized
state (STQ), was based on its unique combination of suitable mechanical character-
istics, excellent corrosion and wear resistance, and good biocompatibility.

Eight demonstrators were machined (Fig. 8.2a), and their structural integrity was
investigated by computed tomography (CT). Initially, 2D radiographic imaging of
all samples was performed (Fig. 8.2b), and then some samples were arbitrarily
chosen for 3D imaging (Fig. 8.2c). 3D CT technique enables inspection of internal
structures from multiple planes and provides precise location of any discontinuities
along all three axes. All samples exhibit porosity, as indicated by the arrows in
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Figure 8.2: (a) Dental implant demonstrators made of 92(Ti-45Nb)-8Ga
alloy (wt.%) in STQ state, (b) 2D radiographies and (c¢) 3D CT images
showing the internal structure.

Fig. 8.2, and structural defects and were therefore considered unsuitable for fatigue
testing. Nevertheless, the following positive outcomes can be highlighted:

» Demonstrator: the fabrication of the implant is itself a significant outcome. It
demonstrates that the alloy can be machined and processed as a material for
implant applications.

» Learning opportunity: through this process, important insights were gained
into the complexities of working with these alloys, including the potential pit-
falls that need to be solved in order to produce commercially viable products.
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Appendices

This section includes supporting data and additional information relevant to the
research presented in this thesis.

A Alloy Nomenclature

Relative proportions of elements in an alloy can be expressed either in atomic percent
(at.%) or in weight percent (wt.%). Generally, the percentage is not shown for the
first element, but is made explicit for the subsequent elements. In the present work,
the following formula M;—xM,, where the element content x precedes the general
element M, is used for fractions in weight percent (wt.%), while the formula M;—May,
where x follows M as subscript, refers to alloys expressed in atomic percent (at.%).
For example, Ti-45Nb is an alloy with 55 wt.% of Ti and 45 wt.% of Nb, whereas Ti—~
Nbsg refers to the same alloy but expressed in at.%, with 70 at.% of Ti and 30 at.%
of Nb. In the present work, the alloys were prepared starting from the commercial
Ti-45Nb alloy, therefore, the following nomenclature is used: (100-x)(Ti-45Nb)-xM,
where M = Ga/Cu and x = content in wt.%.
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Appendices

B Mechanical Properties of Alloys in As-Cast State

Preliminary studies on the mechanical behavior (microhardness HV 3 and Young’s
modulus EYS| investigated by ultrasonic method) of the alloys in as-cast state are

hereby reported. These results expand and complement the findings presented in
Chapter 4.
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Figure B1: Microhardness and Young’s modulus (determined by ultrasonic
pulse-echo method) of the nine alloys in as-cast state, compared to Ti—45Nb.
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Figure C1: Samples of 94(Ti-45Nb)-6Cu and 92(Ti-45Nb)-8Cu homog-
enized alloys for tensile testing immediately after machining.
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D Properties of Medical Grade Ti—6A1-4V ELI

Medical grade a+f Ti-6A1-4V ELI (ASTM grade 23) alloy, provided by Anthogyr
S.A.S. (France) in the shape of disks (thickness = 1 mm, @ = 15 mm), is used as
received. Microstructural, mechanical and corrosion properties are investigated ac-
cording to the procedures reported in Chapter 3, and the results are hereby reported.
Tribocorrosion results are discussed in Chapter 6.

Table D1: Microstructure and mechanical properties of Ti-6A1-4V ELI.

Microstructure a+p

HV 1 354 +6

EUS 111 + 0 GPa

E (tensile) 117 £ 2 GPa
oy 1025 £20 MPa
OUTS 1074 + 19 MPa
of 768 + 14 MPa
Emax 13 £1 %

e 5.51 £0.16 MJm3
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Figure D1: (a) XRD diffractogram, inset: SEM micrograph, (b) engi-
neering stress-strain curve in tension, and (c¢) potentiodynamic polarization
with relevant electrochemical parameters.
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E Optical Microscopy of the Alumina Pin
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Figure E1: Optical micrograph of the alumina (AlyO3) pin observed after
sliding against 96(Ti-45Nb)—4Ga alloy in PBS solution during a tribocor-
rosion test (Chapter 6).

F EDX Mapping of Aged Ti—Nb—Cu Alloys

a)

Figure F1: EDX mappings showing elemental distribution of Ti, Nb and
Cu of 96(Ti-45Nb)-4Cu alloy in two aged conditions: (a) STQ & AG 425°C
and (b) STQ & AG 640°C. Bright areas contain higher concentration of the
element indicated. These results supplement the findings in Chapter 7.

150



Appendices

G Experimental Method: Cell Adhesion Assay

Biological studies, reported in Chapter 8 and whose methodology is here described,
were performed by P. Giraldo Osorno, colleague of BIOREMIA EU project, from
the Department of Biomaterials, University of Gothenburg (Sweden).

The human monocytic cell line THP-1 (ATCC) was grown in RPMI 1640 medium
supplemented with 10% FBS, 0.5% [-mercaptoethanol (Sigma Aldrich) and 1%
penicillin/streptomycin (PEST) solution (Gibco Life Technologies) in a 37°C hu-
midified incubator with 5% CO,. Cells between passages 6 and 9 were used. THP-1
monocytes were stimulated with 10 ng/ml phorbol-12-myristate-13-acetate (PMA)
for 48 h to induce macrophage differentiation, followed by 24 h of resting time
in fresh media without PMA. After being differentiated, THP-1 macrophages were
seeded at a density of 700 000 cells/ml on the surface of the material in Nunc 24-well
plates (Thermo Fisher Scientific) in 1 ml media. The number of adhered cells was
assessed after 24 h. The wells were gently washed twice with PBS to remove nonad-
herent nonviable cells before the addition of NucleoCounter® lysis and stabilization
buffer (200 + 200 ul). Lysed samples were loaded in a Nucleocassette precoated
with fluorescent propidium iodide, which stains cell nuclei, and the results were then
quantified using a NucleoCounter® NC-200 (ChemoMetec A/S). Two independent
experiments were performed, with two technical replicates. Metallic disk specimens
(¢ = 9 mm, thickness = 2 mm) were mechanically ground both sides up to P2400
SiC paper, ultrasonically rinsed in water and sterilized in pure ethanol.
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