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This study aims to develop novel low-modulus, corrosion-resistant Ti-based alloys with
enhanced antimicrobial properties for bone-related implant applications. Novel B-type (Ti
—45NDb)-based alloys with minor additions of the antibacterial elements Ga and/or Cu (up to
4 wt.%) were produced by a two-step casting process followed by homogenization treat-
ment. Three nominal compositions (Ti—45Nb)s-4 Ga, (Ti—45Nb)eg—4Cu and (Ti—45NDb)ge-
2 Ga—2Cu (wt.%) were prepared based on alloy design approach using [Mo]eq and electron
per atom (e/a) ratio. The influence of Ga and/or Cu addition on the phase constitution,
mechanical response and corrosion characteristics in simulated body fluids (PBS, 37.5 °C)
has been investigated. X-ray diffraction studies displayed a single B phase structure for all
alloys, with an observed lattice contraction evidenced by the reduction of lattice param-
eters during Rietveld analysis. Homogenous equiaxed microstructures with grain sizes
ranging from 55 pm up to 323 pm were observed for (Ti—45Nb)ge-4 Ga, (Ti—45Nb)ge-2 Ga
—2Cu and (Ti—45Nb)gs—4Cu alloys. The alloys displayed excellent plasticity with no
cracking, or fracturing during compression tests. Their tensile strength, Young's modulus,
maximum tensile strain and elastic energy were measured in the ranges of 544—681 MPa,
73—78 GPa, 17—28% and 2.5—3.7 MJ/m?, in the order (Ti—45Nb)gs-4 Ga > (Ti—45Nb)es-2 Ga
—2Cu > (Ti—45Nb)ge—4Cu. In addition, it has been observed that micro-alloying Ti—Nb alloy
with Ga and/or Cu posed no deleterious effect on the corrosion resistance in simulated
body fluid conditions. The improvement in strength of the developed alloys has been
discussed based on grain boundary and solid-solution strengthening, whereas the
improved plasticity is attributed to work hardening.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Titanium and its alloys are considered to be the most attrac-
tive metallic materials for load-bearing biomedical applica-
tions [1]. Diverse applications of these alloys encompass
components for bone replacement (spinal correction and fix-
ation devices, tibial components, bone plates, screws, mesh,
rods), dental (artificial roots, orthodontic wires) and surgical
devices (dental drills, forceps, laser electrodes) [2]. Compared
to other commercial metallic biomaterials (e.g. austenitic
stainless steel and Co—Cr alloys), Ti alloys have superior
biocompatibility combined with low density and elastic
modulus much more similar to that of human bones [1].
Despite these advantages, the implants can sometimes fail
under the combination of stress, bacteria contamination and
corrosion. For the widely used biomedical Ti alloys such as
Ti—6Al-4V and Ti—6Al-7Nb, long-term studies have indicated
the development of health disorders elicited by the release of
metallic ions including aluminum (e.g. neurodegenerative
diseases such as Alzheimer's disease and Parkinson's disease
[3]) and vanadium (e.g. genetic damage [4]). In addition, these
alloys possess higher elastic moduli (E = 105-114 GPa),
compared to cortical bone (E = 10—32 GPa). Clinical studies
have shown that such stiffer implant materials will impede
the load transfer to the surrounding bone tissues (stress
shielding), rendering native bone weaker, resulting in bone
resorption and eventual loosening of the prosthetic devices [5].

To overcome these problems, a new generation of
biocompatible and low modulus metastable p-type Ti alloys
has been developed. Among all B-stabilized Ti-alloy systems,
the Ti—Nb system and its alloys have received immense
attention owing to its excellent display of lower elastic
modulus, good ductility, high corrosion resistance, superior
biocompatibility, superelastic and shape memory behavior
[6—8]. The biomechanical and biochemical properties of these
alloys can be tuned by proper control of phase transformation
during thermomechanical processing [9,10], by design of
porous materials [11—14] or by selective alloying [15—17]. By
rapid cooling from the high-temperature B-phase field to
room temperature, metastable states composed of body-
centered cubic (bcc) B-phase, martensitic phases (hexagonal
o' and orthorhombic o), hexagonal/trigonal w-phase or a
combination of them can be obtained [9,10]. Among these, the
w-phase exhibits the highest E and E varies strongly with Nb
composition for ¢’ and p: E,, > E,» > E,» > E5 [18]. The stability of
the B phase represents an important parameter when devel-
oping low modulus Ti-based alloys: it determines whether,
and in which amount, the martensitic transformations take
place in response to either a mechanical (e.g. deformation) or
thermal (e.g. quenching) driving force. Deformation-induced
martensitic transformations are a function of B phase stabil-
ity [19]. Depending on the stability of the p-phase, on the
extent and direction of deformation, several deformation
mechanisms could be activated, among which stress-induced
martensite (SIM), twinning and dislocation slip, the latter
being the dominant one in heavily stabilized B-Ti alloys
[15,20—23]. Among these, stress-induced phase trans-
formation as well as mechanical twinning are dominant in B
systems where B phase is unstable. Further lowering of the

Young's modulus can be achieved by alloying. Recently, the
low-modulus B-type (Ti—40Nb)-xIn alloy system (where
x = 3.5, 5 wt.%) was investigated. The newly developed
Ti—Nb—In alloys demonstrated lower values of E in the range
of 49-58 GPa in the solution-treated and water-quenched
state as well as after different thermomechanical processing
steps (annealing, solution treatment, hot or cold rolling with
various thickness reduction) [24,25].

Another major cause of implant failure is the biomaterial-
associated infections by multidrug-resistant bacteria which
contaminate and adhere onto the implant surface, forming
biofilm [26]. Antibiotic treatments are often ineffective; hence
there is a need for alternative solutions. For Ti-based bio-
materials, alloying or doping with antibacterial elements can
render resistance against bacterial adhesion and biofilm for-
mation by either contact-killing or agent release [27]. Among
the various possible antibacterial alloying options (such as Zn,
Ag, etc.), gallium (Ga) and copper (Cu) represent pertinent
candidates in terms of clinical potential. Alloying titanium
with Ga and Cu can improve not only the antibacterial prop-
erties but also the mechanical behavior and casting capabil-
ities (low melting point cast Ti-based alloys) [28,29].

Gallium, which is already in use as a diagnostic and ther-
apeutic tool in the medical field, is recently gaining recogni-
tion as a prospective inorganic antimicrobial agent to treat
bacterial infections. Antibacterial effect of Ga can be
explained by the so-called “Trojan horse” strategy which uses
the gallium to disrupt bacterial iron metabolism [30—33].
Apart from this antibacterial activity, Ga is able to stimulate
bone formation, without significant toxicity and discretely act
on osteoclasts and osteoblasts for an improved osseointe-
gration [34,35]. The use of Ga in dentistry is well-known, as
many Ti—Ga amalgams have been studied in terms of struc-
ture, mechanical properties, corrosion resistance, cytotoxicity
and antibacterial capacity [36,37]. Recent studies on metal-
lurgical Ga additions to Ti—Al-Zr—Si alloys demonstrated
highly efficient antibacterial activity without any cytotoxic
effect, even with minor Ga concentrations of 1-2 wt.% [38].
Addition of Ga to Ti—Nb based alloys has been investigated for
superelasticity and shape-memory effects in Ti—24Nb—3Ga
and Ti—18Nb—3Ga (at.%) [39,40]. However, little to no literature
is available regarding Ga-bearing Ti—Nb-based alloys with
retained B phases for low modulus load-bearing implant ma-
terial applications.

On the other side, Cu is a natural trace element found in
the human body, essential for the proper functioning of or-
gans and metabolic processes [41]. Cu was proved to exhibit
antibacterial effects on a wide spectrum of bacterial species
[42—45]. The antibacterial properties of Cu-containing tita-
nium alloys are strongly dependent on the Cu content and Cu
form (in solid solution or intermetallic compound) [46—48].
Many Cu-bearing Ti-based alloys were investigated as poten-
tial implant materials with focus on micro-alloying CP-Ti
[49—-51] and a-p Ti—6Al—4V with Cu [52—-56]. Zhang et al. [49]
have shown that the as-cast Ti—Cu alloys (with Cu < 10 wt.%)
exhibit higher hardness and mechanical strength as well as a
higher antibacterial rate (51-64%) but a relatively lower
corrosion resistance than pure titanium. A problem is that
excess copper content in an alloy can lead to material
embrittlement, cytotoxicity [57], and in turn the binary Ti—Cu
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Table 1 — Measured chemical compositions (in wt.% and at.%) and corresponding e/a ratios of the studied alloys.

Alloys Elemental content e/a
(nominal composition) Ti Nb Ga cu o

wt.% at.% wt.% at.% wt.% at.% wt.% at.% wt.%
Ti—45Nb 55.44 (+0.17) 70.72 44.56 (+0.17) 29.28 \ \ \ \ 0.09 4.29
(Ti—45Nb)os-4Ga 5237 (£0.33) 67.96 42.76 (+0.22) 2859 3.87 (+0.04) 3.45 \ \ 0.106 (+0.011)  4.25
(Ti—45Nb)es-2Ga-2Cu 52.57 (+0.38) 67.84 42.96 (+0.22) 2856 2.02 (+0.03) 179 1.95(+0.03) 1.81  0.094 (+0.007) 4.21
(Ti—45Nb)gs—4Cu 52.30 (+0.53) 67.77 42.78 (+0.69) 2856 \ \ 3.76 (£0.28)  3.67  0.098 (x0.008) 4.18

alloys with reduced Cu cannot provide a high level B-phase
stability, necessary for a low Young's modulus. The alloying of
Cu to Tican lead to the eutectoid transformation of B-Ti to a-Ti
and tetragonal Ti,Cu intermetallic compound, which explains
why B-Ti is not commonly found in rapidly quenched TiCu-
based alloys [58]. Therefore, there is a need for additional
alloying elements to be introduced. Nb and Mo are suitable
alloying additions for Ti-based alloys because they are well-
known biocompatible B-stabilizers and can provide good
mechanical properties and corrosion resistance [47,59—61].
Antibacterial B-type Ti-7.5Mo—5Cu and TNTZ-Cuy alloys
(x = 1-10 wt.%) were recently developed [47,51,58]. These Ti-
based alloys exhibit an antibacterial function exerted by a
controlled release of Cu ions, while maintaining a good
corrosion resistance and biocompatibility. Hence, the
Ti—Nb—Cu system is promising for developing p-Ti alloys with
low elastic modulus and enhanced antibacterial properties.
Some early studies on Ti—Nb—Cu alloys have been reported
and they were mainly focused on structural and mechanical
characteristics in view of developing shape-memory and
superelastic alloys for biomedical applications [62]. Recently,
Zhao et al. [63] investigated the corrosion and antibacterial
properties of Ti—Nb—Cu alloys containing various Cu
(0—3 wt.%) and Nb (0—30 wt.%) concentrations, and showed
good bacterial inhibitory effect against Staphylococcus aureus.
Another fundamental property to be considered when
developing metallic biomaterials is the corrosion resistance,
as the metallic implant is dependent on the chemical inter-
action between the medical device and the surrounding bio-
logical environment. Corrosion 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 carci-
nogenesis [64]. The mentioned phenomena can be either
prevented or inhibited by a surface with high passivation and
re-passivation ability, which, in the case of titanium and its
alloys, is a spontaneously developed passive, inert and stable
film consisting mainly of TiO,. The corrosion resistance of B-Ti
alloys is generally higher when compared to a+p Ti alloys.
However, corrosion resistance is also dependent on several
factors such as environment, composition and microstruc-
ture. The influence of microstructure on corrosion resistance
of biomedical implant alloys was investigated by Yu and
Scully [65] on Ti—15Mo—3Nb—3Al. It was observed that the B
solution-treated microstructure exhibits better corrosion
resistance when compared to the aged one. The decrease in
resistance of the aged sample was attributed to the parti-
tioning of the alloying elements occurring during the aging

process [66,67]. Therefore, composition and microstructural
features strongly control the corrosion behavior of an alloy.
Moreover, in B Ti—Nb alloys, the presence of Nb(V) ions con-
tributes towards increasing the stability of the Ti(IV)-based
passive film [68]. Previous investigations on the corrosion
properties in Ringer's solution of a series of p Ti—Nb-based
alloys showed low corrosion rates and stable anodic passivity
in various physiological solutions [59,60]. The Ti—45Nb was
chosen as starting composition due to its low Young's
modulus (E ~ 65 GPa) in the solution-treated and quenched
state [69] and to its high corrosion resistance [70].

The aim of the present study is to investigate the impact
of alloying additions (up to 4 wt.%) of the antibacterial
metallic elements Ga and Cu on microstructure, mechanical
behavior and corrosion resistance of a Ti—45Nb alloy with
the final scope of developing intrinsic antibacterial materials.
Therefore, three novel single B-phase (Ti—45Nb)gs-4 Ga,
(Ti—45Nb)oe—4Cu and (Ti—45Nb)ee-2 Ga—2Cu alloys were
produced.

2. Materials and methods
2.1. Production of the alloys

High purity gallium (99.99%, purchased from Haines & Maassen
Metallhandelsgesellschaft mbH) and high purity copper (99.9%,
purchased from Messinghaus Rehlken GmbH) together with
commercially available Ti—45Nb (wt.%, 99.9%, purchased from
ATI - Specialty Alloys & Components, chemical composition is
provided in Table 1) were used for the alloy preparation.
Master alloys were manufactured with an arc-melter (ALD
Vacuum Technologies) under a Ti-gettered argon atmosphere to
bind eventual traces of oxygen. Button-shaped ingots were
melted three times to ensure chemical homogeneity. The in-
gots were subsequently cast as cylindrical rods (@ = 10 mm,
length ~ 100 mm) in water-cooled molds with an in-house
designed cold crucible device. In addition, alloying with Ga
and/or Cu is effective in lowering the melting temperature of
the Ti—Nb alloys (Tmga = 29.8 °C, Tmcu = 1085 °C, Tmri.
= 1668 °C; Tmnp = 2468 °C) thus improving casting capability.
For a homogenized microstructure without chemical segre-
gations, the as-cast rods (encapsulated in argon-filled quartz
tubes) were subjected to B-solution treatment at 1000 °C for
24 h. Subsequently, rods were water-quenched by breaking
the tubes. For the present study, the developed alloys are
compared with the commercially available Ti—45Nb alloy, it-
self subjected to the aforementioned solution-treatment.
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2.2. Chemical composition analysis

The elemental composition of the solution-treated and
quenched (STQ) alloys was checked by inductively coupled
plasma optical emission spectroscopy (iCAP 6500 Duo View,
Thermo Fisher Scientific GmbH) and possible contaminants (Si,
Ta, Al < 0.1 wt% and Fe < 0.02 wt.%) were also scanned.
Interstitial gas impurities such as oxygen and nitrogen were
determined by the carrier gas hot extraction method (LECO
ON836, LECO Corporation).

2.3. Material characterization

Microstructural studies were conducted by transmission X-
ray diffraction (XRD) and scanning electron microscopy (SEM)
analyses. Room temperature transmission XRD analysis was
conducted using a STOE Stadi P diffractometer in transmission
geometry using Mo K,; (A = 0.7093 A) monochromatic radia-
tion at 50 kV and 30 mA. Diffraction patterns were recorded
with a scan step of 0.010° and holding time of 90 s per step.
Samples were prepared by mechanical grinding of a cross-
section from the rod down to approximately 50 pm in thick-
ness. Phase identification and analysis was carried out by
Rietveld refinement [71], using Malvern Panalytical’s HighScore
Plus. Identification of crystalline phases is based on data from
the International Centre of Diffraction Data (ICDD) PDF2
database (ICDD no-04-017-4957, bcc-Ti). Lattice parameters
were determined by fitting the experimental patterns with
PseudoVoigt function.

The microstructure of the developed alloys was studied by
Scanning Electron Microscopy (SEM) equipped with an Energy
Dispersive X-ray Spectrometer (EDX) and an Electron Back-
scattered Diffraction (EBSD) detector (Zeiss Leo Gemini 1530).
Different elemental composition areas were detected in
composition contrast mode (backscattered electrons) and
analyzed with EDX analysis. EBSD maps for grain size deter-
mination were collected with a step size of 2 pm at magnifi-
cation 50x and EBSD data were analyzed using ATEX software
[72]. Specimen for SEM observations were sectioned from the
rods and embedded in cold-hardening resin. Subsequently,
the embedded samples were mechanically ground using SiC
polishing sheets, followed by polishing using a colloidal sus-
pension of SiO, (OPS, Struers) and finally cleaned ultrasonically
with ethanol.

In order to assess the structural integrity of compression
and tensile specimens, the latter were all scanned with a 2D
GE Phoenix Nanotom M X-ray absorption computed tomography
(CT) device. No significant porosity was found in any of them.

2.4.  Mechanical testing

Mechanical behavior of the alloys was investigated by tensile
and compression tests as well as by microhardness mea-
surement. Static uniaxial tensile tests were performed with a
PC-controlled mini-tensile testing module DDS2-System
(Kammrath & Weiss GmbH) equipped with a 5 kN load cell
and a video-extensometer (controlled with VEDDAC strain
software) under a constant strain rate of 3 x 10~* s~*, Flat
dog-bone shaped tensile specimens with a total length of
14.67 mm (gauge length = 4.90 mm, width = 1.00 mm) were

cut from the STQ rods and mechanically ground to 0.75 mm
in thickness. Shape and size were designed according to the
proportionality factor k, defined as the ratio between gauge
length and square root of the cross section, of 5.65, as spec-
ified by the German standard for material testing (DIN EN ISO
6892—1). The following mechanical properties were deter-
mined from the engineering stress—strain curves: Young's
modulus E, tensile yield strength o} (proof offset 0.2%), ul-
timate tensile strength om., and maximum strain epgy. At
least three samples of each composition were tested. Uni-
axial compression tests were carried out at room tempera-
ture using an Instron 8562 testing device with a constant
strain rate of 1.0 x 103 s~’ Cylindrical specimens were
prepared according to DIN 50106:2016-11 with a height
(6 mm) two times greater than the diameter (3 mm). Both
loading surfaces were carefully polished (to be plane parallel)
by wet grinding using silicon carbide papers. Plasticity and
compression yield strength of®"P" (proof offset 0.2%) were
determined from the curves. At least three repetitions per
composition were performed. After the compression tests,
the specimens were cut along the loading direction for
further microstructural analyses such as XRD and EBSD to
gain an understanding about the B phase stability post-
deformation. Vickers microhardness (HVj,;) measurements
were conducted on polished, embedded samples using a
Vickers microhardness tester (HMV-2, Shimadzu) with a
force of 1 N (100 gf) and dwell time of 10 s. For each sample, at
least 12 readings were collected at 12 chosen sites to reduce
data scattering.

2.5. Corrosion studies

For the corrosion studies, circular electrodes with a thick-
ness of 3mm and diameter of 10 mm were cut from the rods
and embedded in cold-hardening epoxy resin. The
embedded samples were mechanically ground with P2500
silicon carbide emery paper and then cleaned in an ultra-
sonic bath of high purity ethanol. The exposed circular
surface area of the investigated materials was estimated for
each tested sample from optical micrographs using ImageJ
software [73]. Right after the last grinding step, the sample
is mounted into an in-house built rotating sample holder of
appropriate diameter implemented in an Ametek (Princeton
Applied Research) 616 B device activated with a very low
rotation speed (50 rpm) and immersed in the testing solu-
tion. Rotation assists in the prevention of bubbles forma-
tion on the working electrode surface, which might cause
unwanted fluctuations in the measured current. Measure-
ments were started after ~0 min (several seconds). Elec-
trochemical tests were carried out by means of a Solartron SI
1287 Electrochemical interface. A conventional three-
electrode cell, with a jacket for temperature control, was
assembled with a Pt net as counter electrode and a satu-
rated calomel (SCE) as the reference electrode (E = 0.241 V
vs. standard hydrogen electrode (SHE) at 25 °C). Measure-
ments were conducted at 37.5 °C in air-saturated phos-
phate-buffered saline solution (PBS, pH ~ 7.4, composition:
NacCl 140 mM, KCl 3 mM, phosphate buffer 10 mM, pur-
chased from Merck KGaA), for which the pH was checked
before and after every experiment.
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Fig. 1 — X-ray diffractograms of the developed alloys, together with the reference Ti—45Nb. Insets show the magnified view

of the (110); and (211); diffraction peaks.

Before the actual polarization measurements, the samples
were kept at open circuit potential (OCP) conditions for4 h and
the potential was monitored. OCP variations of less than 1 mV
per minute were considered acceptable to start the polariza-
tion tests. The linear dynamic polarization was started at
—0.2 V vs. OCP and increased with a constant sweep rate of
0.5mV/s up to a value of +1 V vs. SCE. Each test was performed
at least three times to verify the repeatability of the results.
From the representative polarization curves, the character-
istic corrosion parameters (Ecorr, lcorr and average ipgss in the
anodic potential range of +0.2 mV and +1.0 mV vs SCE.) were
determined by graphical extrapolations. Stern—Geary equa-
tion [74] is used to determine the polarization resistance (Rp)
after proper fitting of the curves.

2.6. Statistical analysis

All results are expressed as mean + standard deviation from
the multiple readings. One-factor ANOVA analyses, followed
by multiple-comparison Tukey—Kramer post-hoc tests at
p = 0.05, were done with JASP software [75]. A p-value < 0.05is
considered statistically significant, as indicated by an asterisk
(*) in relevant figures.

3. Results

The present work investigates the microstructural, mechani-
cal and chemical properties of three novel (Ti—45Nb)gs-4 Ga,
(Ti—45Nb)es-2 Ga—2Cu and (Ti—45Nb)gs—4Cu alloys. Chemical
composition, including interstitial content of O and N, of the
alloys, obtained by ICP-OES and CGHE analyses, is listed in
Table 1. The measured nitrogen levels are below 0.0019
(+0.0002) wt.% and the oxygen levels are within the range of

requirements specified as per ASTM F67 (CP—Ti grade 2,
<0.25 wt.%) and of ASTM 4907 (Ti—6Al—4V ELI, < 0.13 wt.%).
The measured oxygen contents in the range of 0.09-0.1 wt.%
were lower than the threshold values that can deleteriously
impact the ductility of Ti alloys [76]. Since the compositional
changes were detected to be negligible, the three alloys are
denoted by their nominal compositions. Based on the ob-
tained compositions (in at.%), electron-per-atom ratio (e/a)
was evaluated and listed in Table 1, which is a significant
parameter influencing the B phase stability, and for the
attainment of a lower modulus value for p-Ti alloys [77].

3.1 Structural studies of the developed alloys

Fig. 1 displays the X-ray diffraction patterns of the three
developed alloys (Ti—45Nb)gs-4 Ga, (Ti—45Nb)ge-2 Ga—2Cu and
(Ti—45Nb)og—4Cu compared with the reference commercial
alloy Ti—45Nb after solution-treatment at 1000 °C for 24 h and
water quenching (STQ state). All the alloys displayed similar
crystal structure belonging to the p-phase (space group: Im-
3m) indicating that the elements are in complete solid solution
with Ti and are capable of forming a metastable p phase at
higher temperatures. No diffraction peaks belonging to sec-
ondary phases (¢, o’‘, w) were observed. This can be attributed
to the higher stabilizing effect of Nb on the parent B-phase and
the higher cooling rates employed during casting. When Nb
content is greater than 35 wt.%, a single B-phase is formed in
Ti—Nb alloys [78]. As it is possible to notice from the magnified
insets of (110) and (211) peaks (Fig. 1), only the B reflection
appears, and no reflections were observed belonging to w-
phase (which might appear at lower angles) [79], «”’-phase [9],
or Cu—Ti intermetallic compounds in the two Cu-containing
alloys, as previously reported for similar alloys [58]. Cubic
bec lattice constants determined by Rietveld refinement are
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(Ti-45Nb),.-4Ga

(Ti-45Nb),.-2Ga-2Cu

| (Ti-45Nb),-4Cu | |

Fig. 2 — SEM micrographs and EBSD inverse pole figures (IPF) of polished cross-sectional regions of the alloys: (a,e)
(Ti—45Nb)os-4 Ga, (b,f) (Ti—45Nb)es-2 Ga—2Cu, (c,g) (Ti—45Nb)os—4Cu and (d) SEM micrograph of the reference Ti—45Nb alloy.

found to be in the range of 3.283—3.294 A. An aspect to be
pointed out is the peak shift towards higher angles, with a
higher shift exhibited by (Ti—45Nb)os—4Cu followed by
(Ti—45Nb)gs-2 Ga—2Cu and (Ti—45Nb)gs-4 Ga: the addition of
Ga and/or Cu resulted in a reduction in lattice constant
compared to Ti—45Nb (a = 3.298 A), pointing towards a solid
solution strengthening effect.

The microstructures obtained after B-solutionizing and
water-quenching are shown in Fig. 2a—d. All three alloys
consist of equiaxed B-grains with various grain sizes. In
addition, the EDX elemental mappings (Fig. 3) clearly depict

(Ti-45Nb),;-4Ga

(Ti-45Nb),-4Ga

the presence of chemically homogeneous microstructures
for all the alloys without the presence of any micro-
segregations. The average grain size (equivalent diameter)
of the alloys (Ti—45Nb)gs-4 Ga, (Ti—45Nb)gs-2 Ga—2Cu and
(Ti—45Nb)ge—4Cu were determined to be 55 pm, 90 um and
323 um based on EBSD mappings at 50x magnification, in-
verse pole figure (IPF) maps showing the p-grain orientations
(Fig. 2e—g). This trend in grain size is also corroborated by the
respective peak intensities in the XRD diffractograms, which
increase in the same order: (Ti—45Nb)gs-4 Ga > (Ti—45Nb)ge-
2 Ga—2Cu > (Ti—45Nb)gs—4Cu.

(Ti-45Nb),-4Ga

(Ti-45Nb),s-2Ga-2Cu (Ti-45Nb),s-2Ga-2Cu

(Ti-45Nb),-4Cu

Fig. 3 — EDX mapping results of polished cross-sectional areas: (a—c) (Ti—45Nb)oe-4 Ga, (d—g) (Ti—45Nb)se-2 Ga—2Cu and (h—j)

(Ti—45Nb)95—4Cu.
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Fig. 4 — Engineering stress—strain curves of the three alloys and the reference Ti—45Nb in a) tension, b) compression, c)
tensile and compressive yield strengths ¢y and d) Vickers microhardness (HV, ;). Significant comparisons are flagged (*).

3.2. Mechanical analysis of the novel g alloys

In order to evaluate the effect of Ga and/or Cu addition in
terms of mechanical response, the mechanical behavior
under both tensile and compressive loading was studied.
Fig. 4a shows the tensile engineering stress—strain curves
under quasi-static tensile load for the three alloys (Ti—45Nb)ge-
4 Ga, (Ti—45Nb)gs-2 Ga—2Cu and (Ti—45Nb)gee—4Cu together
with the reference Ti—45Nb. The resulting mechanical prop-
erties are listed in Table 2. The 0.2% offset yield strength
values of (Ti—45Nb)ee-4 Ga, (Ti—45Nb)oe-2 Ga—2Cu and

(Ti—45Nb)ee—4Cu are evaluated to be 681 (+8) MPa, 596 (+13)
MPa and 539 (+10) MPa, respectively. An increase in yield
strength of ~61% for (Ti—45Nb)gs-4 Ga, ~41% for (Ti—45Nb)gs-
2 Ga—2Cu and ~27% for (Ti—45Nb)gs—4Cu is observed with
respect to the reference Ti—45Nb. The measured Young's
modulus, determined from the slope in the linear elastic re-
gion of the stress—strain curves, for the reference Ti—45Nb is
64.2 (+2.0) GPa, which is in good agreement with values re-
ported in literature [24,80—82]. The addition of the alloying
elements Ga and/or Cu to the Ti—Nb matrix led to a minor
increase of E in the range of 73—78 GPa (Table 2), which falls

Table 2 — Mechanical properties of the investigated alloys in STQ state obtained from the engineering stress—strain curves

of Fig. 4a: Young's modulus E, tensile yield strength ¢*"* (0.2% proof stress), ultimate tensile strength gyax, maximum

tensile strain ¢™"*

'max, €lastic energy 4., compressive yield strength ¢

comp

Alloys Tensile tests Compression tests
E (GPa) o™ (MPa) Omax (MPa) emax (%) de (MJ/m®) o$°™P (MPa)
Ti—45Nb 64.2+20 423 +5 426 +5 22+2 1.90 +0.08 386 + 17
(Ti—45Nb)gs-4Ga 710 45 83 681+ 8 675+ 8 17 +2 3.67 £0.21 607 + 17
(Ti—45Nb)os-2Ga-2Cu 785+ 25 596 + 13 612 + 11 22 +2 2.86 + 0.09 681 + 78
(Ti—45Nb)gs—4Cu 734+ 1.9 539 + 10 544 + 10 28 +3 2.51 +0.05 525+ 14
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Fig. 5 — X-ray diffractograms of the three alloys (a, c, €) before (black line) and after (red line) compression test (compressive
strain £°°™P- = 50%). Insets show a magnification of the 20 range between 17° and 19°. EBSD IPF maps (b, d, f) of the cross
section of compressed specimens. Color coding is given with respect to the loading direction.

well within the criteria for required low modulus, as
compared to conventional biomedical implant grades such as
316 L-stainless steel (205210 GPa), Co—Cr alloys
(220-230 GPa), CP-Ti (105 GPa), Ti—6Al—4V (110 GPa) and
Ti—6Al-7Nb (105 GPa) [83]. All curves depict a distinct yield
drop from the well-defined upper yield point (UYP) to the
lower yield point (LYP), which is more pronounced for
(Ti—45Nb)gs—4Cu alloy, as indicated in Fig. 4a. A similar

phenomenon, attributed to strain aging arising from the
diffusion of solute atoms (e.g. N, C, Zn, Mg) to temporarily
arrested dislocations, has been observed in other alloys: mild
steels [84], Al-Mg alloys [85], Cu—Zn alloys [86] and Ti—Nb-
based gum metals [58,79,87]. In addition, the developed alloys
display improved values of engineering strains (emax) of 17%
for (Ti—45Nb)os-4 Ga, 22% for (Ti—45NDb)ee-2 Ga—2Cu and 28%
for (Ti—45Nb)gs—4Cu. As it can be inferred from the obtained
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Table 3 — The lattice parameter of bcc-phase determined by Rietveld method before and after compression tests, together

with the full width at half maximum (FWHM) of the first diffraction peak.

Alloy

Experimental bec lattice constant (A)

FWHM of (110); (rad-10°)

Initial state After compression (e°°™P- = 50%) Initial state After compression (€°°™P: = 50%) Increase (%)

(Ti—45Nb)os-4Ga 3.294 3.284
(Ti—45Nb)gs-2Ga-2Cu 3.289 3.280
(Ti—45Nb)gs—4Cu 3.283 3.277

1.356 2.429 79%
0.763 2.812 269%
0.819 3.000 266%

stress—strain curves (Fig. 4a), the specimens uniformly
deform and elongate prior to necking, the latter starting at
very large strains, in the order 4 Ga <2 Ga—2Cu <4Cu. In all the
curves, it is possible to observe a long plateau with limited
work hardening after yield drop, which is more pronounced
for the Cu-bearing alloy. This behavior is similar to a Liiders
plateau found in mild steel, which consists of a single band of
plastic deformation traveling along the specimen [84]. The
elastic energy (¢,) was calculated by analyzing the area under
the tensile stress—strain curves in the elastic regime [24],
values are reported in Table 2 and increase in the order:
(Ti—45Nb)og-4 Ga > (Ti—45Nb)gs-2 Ga—2Cu > (Ti—45Nb)gs—4Cu.
The compressive engineering stress—strain curves are re-
ported in Fig. 4b. The stopping criterion for the compressive
tests was 50% of samples' height reduction, as the samples
displayed no fracture with even high strains up to 75% (not
shown here), for this reason fracture strengths are not reported
in Table 2. All alloys displayed very large plastic strains
(exceeding 50%), indicating an excellent workability. A

(@)
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significant increase in the compressive yield strengths
compared to the reference Ti—45Nb can also be observed.
Tensile and compressive yield strengths of the alloys are
shown in Fig. 4c and listed in Table 2. Asymmetry in yield
strength determined from compression and tension testing is
reported for many Ti-based alloys in literature [88—90]. The
average Vickers microhardness (u-HVp ) values of Ti—45Nb,
(Ti—45Nb)es-4 Ga, (Ti—45Nb)ee-2 Ga—2Cu and (Ti—45Nb)ge—4Cu
are found to be 147 (+3), 231 (+10), 202 (+5) and 223 (+4) HV,
respectively (Fig. 4d). All the three developed alloys displayed
microhardness values greater than 200 HV with almost
37—-57% increase as compared to the reference Ti—45Nb.

3.3. B-phase stability after high compressive strains

The compression stress—strain curves show a conspicuous
strain hardening, but no double yielding effect originating
from the formation of stress-induced o’’-martensite [91]. In
order to gain more insights into the influence of compressive

(b) 104
PBS solution (pH = 7.4) at 37.5°C
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Fig. 6 — Corrosion tests in PBS solution (pH = 7.4) at 37.5 °C: (a) open circuit potentials (OCP) during 4 h of immersion, (b)
linear anodic polarization curves collected at a scan rate of 0.5 mV/s, (c—f) representative SEM micrographs of the alloys
(Ti—45Nb)os-4 Ga, (Ti—45Nb)ge-2 Ga—2Cu before and after corrosion test in PBS at 37.5 °C.
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Table 4 — Electrochemical parameters extrapolated from the OCP curves and potentiodynamic polarization curves: open-
circuit potential (Eocp), corrosion potential (Ecor), corrosion current density (icor), average passive current density (ipass) at

the anodic potential range of +-0.2 mV and +1.0 mV vs SCE, polarization resistance (R;). Potential values are reported vs SCE

(E =+ 0.241V).

Alloys Eocp (mV) Ecorr (MV) icorr (NA cm?) ipass (A cm™?) R, (kQ cm?)
Ti—45Nb —346 + 68 —348 + 76 80 + 20 40+1.1 387 +93
(Ti—45NDb)qs-4Ga —342 + 37 —360 + 59 88 +24 45+ 15 315 + 82
(Ti—45Nb)os-2Ga-2Cu _286 + 56 —305 + 65 64 + 13 42403 382 + 130
(Ti—45Nb)oc—4Cu —307 + 28 —312 + 41 69 + 16 3.7 +0.7 383 + 99

strains on the B-phase stability of the alloys, heavily deformed
compression specimens (~50% in height reduction) were
cross-sectioned along the loading direction for further struc-
tural analyses. X-ray diffractograms before and after
compression tests are shown in Fig. 5a,c,e. In all patterns of
the heavily deformed samples, no other peaks apart the ones
exclusively indexed with cubic bcc (Im-3m) are detectable,
indicating that the parent B-phase is fully retained. It is
possible to observe a broadening of the peaks, because of the
residual compressive stresses in the microstructure, and a
shift to higher angles because of the shrinkage of the lattice
constants achieved by compressive deformation (Table 3). The
changes in the peak intensities suggest a development of the
crystallographic texture with deformation. These results were
further confirmed by EBSD analyses (Fig. 5b,d,f), which show
heavily deformed and elongated B-grains due to the uniaxial
compressive loading. Crystal orientations are indicated by an
RGB mixture. Most of the areas in the shown maps correspond
to a preferred orientation of [110]; (in blue), in bec systems,
where the slip direction is always in <111>.

3.4. Corrosion behavior in PBS solution

With the scope of simulating the inorganic composition of
blood, electrochemical corrosion studies were conducted at
37.5 °C in PBS solution, which closely mimics osmolarity and
physiological pH (~7.4) of tissue cells. The explored potential
region (—0.5 V to +1 V vs SCE) of the Ti-based alloy working
electrodes is of interest when developing materials for
implant applications [62]. Fig. 6a shows the open circuit po-
tential (OCP) evolution (potential vs. time) of the alloys under
investigation during 4 h of immersion time. After reaching
near-steady OCP conditions, anodic polarization tests at low
scan rate (quasi-static conditions) were conducted and
representative curves are displayed in Fig. 6b. Relevant elec-
trochemical parameters are listed in Table 4. OCP curves
show a potential increase over time, which indicates the
formation of a protective passive mixed oxide layer on the
surface. Initially, right after mechanically grinding and im-
mersion in the electrolyte solution, E,, values are in the
range of —750 to —450 mV vs SCE, reflecting very reactive
surfaces. Eocp values, which have reached a stable plateau
regime after approximately 40—45 min, gradually increase
(AE < 1 mV/min), ending in the range of —450 to —250 mV vs
SCE. Following the E,., measurements, linear polarization
tests were conducted immediately. Considering the limita-
tions of the method, the electrochemical response of all
developed alloys is very similar to that of the reference

Ti—45Nb. The alloys show, in the linear polarization curves
(Fig. 6b), very low corrosion rates, in the range of 64—88 nA/
cm? and transfer in the anodic regime into a stable plateau
referring to the passive state without any sign of pitting. The
average passive current density, measured in the range
+0.2 mV and 1.0 mV vs SCE, is rather low, in the range of
3.7-4.5 pA/cm?® Overall, the polarization behavior is very
similar to (Ti—40Nb)—4In alloy reported by Gebert et al. [59],
where they observed corrosion current densities of only
0.1-0.2 pA/cm? and passive current densities of 3—4 pA/cm?,
without any indication of pitting. In this passive potential
range up to +1 V vs SCE, mainly a thermodynamically stable
mixed Ti(IV)- and Nb(V)-based oxide forms onto the anodi-
cally polarized alloys [92]. Nb was previously shown to have a
beneficial effect on the corrosion stability and passivation
property of Ti-based alloys by decreasing the concentration of
anion vacancies in the passive film [68,70,93,94]. Experi-
mental values are in good agreement with those reported for
similar alloys, in particular a Ti—45Nb alloy tested in artificial
saliva [81]. Moreover, the developed alloys show higher
corrosion resistance if compared to the clinically used
Ti—6Al—4V [95]. No significant difference could be detected
among studied alloys, meaning that the strong passivating
nature of the valve metals Ti and Nb dominates the entire
corrosion behavior of the alloys in the explored potential
region. Surface of the working electrode was observed before
and after the corrosion tests: a similar morphology can be
observed in the SEM micrographs; representative images are
shown (Fig. 6 c-f). The smoother surface visible after the test
is very likely due to the electrochemically-induced growth of
the oxide layer. No signs of corrosion products are visible, in
accordance with the electrochemical measurements. Similar
observations were made for the other alloys (Fig. S1). Micro-
alloying of the elements Cu and Ga does not significantly
affect corrosion resistance of the TiNb-based alloys.

4, Discussion

The major objective of the present study was to develop novel
B-type Ti alloys with antibacterial elemental addition (Ga and/
or Cu) while maintaining a low Young's modulus value, which
can be achieved via a retained B phase. The two antibacterial
metallic elements have distinctive effects on Ti phase trans-
formation (Ti*~" = 882 °C): Ga is an a-stabilizer, whereas Cu is
an eutectoid B-stabilizer [58]. In order to assess the B phase
stability, molybdenum equivalent criterion [Mo]., represents
one of the useful parameters and is generally used to design
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Fig. 7 — (a) Distribution of [Mo]., showing the B phase stability of the developed alloys compared with other § Ti alloys
[100,101]; b) Obtained cubic lattice parameter plotted vs electron-per-atom ratio (e/a) compared with similar alloys in
literature; (c) Variation of elastic energy with Young's modulus E compared with other relevant implant materials for load

bearing applications.

many B Ti alloys. [Mo].q can be determined with the following
equation (Eqn (1)), in which the equivalent contribution of
elements towards B-stabilizing capacity compared to the
strong stabilizer Mo is provided. For the alloy design in the
present study, an updated expression of [Mo]., reported by
Jiang et al. [96] has been used, in which the coefficient for Nb is
modified, taking into consideration its stronger B stabilization
ability. Since Ga is an a-stabilizer (the highest solubility of Ga
in B-Tiis 27 at.% at 1420 °C [97]), its tendency to stabilize the a
phase in a p matrix is also incorporated in the expression for
[Al]eq, for which the coefficient is taken as 0.5, based on the
works of Shamblen and Redden [98]. While Cu, according to
the Cu—Ti binary phase diagram and relevant literature
[49,58,99], is a B-eutectoid stabilizer with limited solubility in
Ti (17.2 wt.% in B-Ti at 990 °C); Cu forms, by eutectoid reaction,
the intermetallic compound Ti,Cu [56] and hence has a higher
coefficient of 1.51. In addition, the minor concentration of
interstitial O and N, capable of drastically affecting the p phase
stability, has been taken into consideration by maintaining it
in the composition range of about 0.1 wt.%.

[Mo],, = [Mo] +0.25[Ta] +0.33[Nb] +0.59[W] +1.25[V]
+ 1.84[Cr] + 246[Ni] + 1.93[Fe] + 1.51[Cu

+ 2.67[Co] + 2.26[Mn] + 0.3[Sn] + 0.31[Z1] @
+ 3.01[Si] — 1.47]A]]
[All,, = 1[Al] +0.5[Ga] + 10[0 +N] 2)

The alloys in the present study, (Ti—45Nb)es-4 Ga,
(Ti—45Nb)ge-2 Ga—2Cu and (Ti—45Nb)ges—4Cu were designed
based on the [Mo]., values of 11.85, 15.97 and 19.98 respectively,
which fall within the range of metastable B Ti alloys capable of
retaining B phase during solution-treatment (Fig. 7a).

The electron per atom ratio (e/a) ratio is another widely
used theoretical parameter in the design of low modulus p Ti
alloys. A regular pattern can be observed for a physical prop-
erty variation against e/a ratio, and anomalies in this regular
pattern indicate electronic structural changes within the alloy
matrix [102]. Experimentally obtained B lattice constant values
are plotted with respect to the e/a ratio in Fig. 7b together with
data from literature. It can be deduced that the developed
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alloys fall within the region of e/a ratios for which similar
Ti—Nb-based alloys exhibit low E values. Physical property
such as Young's modulus E is a direct consequence of inter-
atomic interactions and electronic states, which are obviously
affected by the presence of alloying elements [87]. This could
be explained keeping into account the different atomic sizes
of the alloying elements Ti, Nb, Ga and Cu, whose atomic radii
are 1.46 A, 1.43 A, 1.39 A and 1.28 A, respectively [103]. This is
also evident from the difference in the calculated lattice
constants (Table 3), which are smaller as compared to pure Ti.
Lattice constants are similar to those reported for Ti—Nb
binary alloys [104], Ti—-Nb—Zr—Sn and Ti—Nb—Zr—Sn—Mo
alloys [101,105]. The replacement of Ti and Nb with the
smaller atoms Cu and Ga brings the alloying atoms closer in
the B crystal lattice, in agreement with the smaller lattice
constants reported in Fig. 7b, and thus E increases by 15-20%
compared with reference Ti—45Nb. However, E of developed
alloys is in the range 73 + 78 GPa, which is way lower (30—44%)
than the values of the clinically used Ti—6Al-4V ASTM grade 5
(E = 114 GPa) or CP-Ti grade 2 (E = 105 GPa).

As previously reported, with a Nb content greater than
30 wt.%, a single bcc B-phase Ti-based solid solution can be
obtained by quenching [69]. Despite the addition Ga and Cu,
the combination of the enhanced B-stabilizing effect of Nb
and the high cooling rates achieved during casting resulted in
full retainment of single bcc B-phase for the three alloys, as
demonstrated by the XRD results (Fig. 1) [6]. In addition, for-
mation of Ti,Cu precipitate was prevented in the two Cu-
bearing alloys. Solution-treatment above B-transus resolved
micro-segregations formed during the casting process and
lead to a homogeneous distribution (Fig. 3) of the alloying
elements within the solid solution. X-ray diffraction patterns
are well consistent with those for similar alloys, as reported
by Lee et al. on a series of cast Ti—Nb alloys [78], Bonisch et al.
[9] on Ti—Nb alloys, Lai et al. [79] on Ti—Nb-based gum metals.
All alloys display well-developed equiaxed B-grains with
significantly different grain sizes. Grain size values are in
good agreement with those reported in literature for p-Ti al-
loys in solution-treated and quenched state [25,106]. The
grain refinement observed for the Ga-bearing alloy might be
due to a reduced atomic mobility, that slows down grain
growth during the casting and subsequent solution-
treatment. A similar effect of Ga as grain refiner was
observed on the microstructure of Mg- and Pb-based alloys
[107-109]. In the investigated alloys, grain boundary
strengthening and solid-solution strengthening induce an
obstruction to the dislocation motion during plastic defor-
mation, thereby contributing towards the improved strength.
Increase in strength with reduction in grain size is clearly
evident from the tensile test results. The presence of the
alloying elements Ga and Cu also improved microhardness,
as shown in Fig. 4d, values are in good agreement with those
reported for similar B-type alloys with a dominant § phase
matrix [80,81]. It can be clearly deduced that the presence of
the alloying elements Ga and/or Cu renders a significant
strengthening effect.

The underlying hardening mechanism arising from the
increased dislocation density is also evident from the
broadening of XRD peaks after compression as shown in
insets (Fig. 5a,c,e). In addition, the difference in atomic size

of the alloying elements Ga and Cu compared with Ti and Nb
might be a conceivable factor affecting yield strength, more
pronounced in the case of Ga. The substitutional solid solu-
tion hardening phenomenon occurs due to the addition of
solute elements with smaller atomic radius. As discussed
above, the replacement of Ti and Nb with the ~ 3-10%
smaller atoms of Cu and Ga brings the alloying atoms closer
in bce crystal lattice, corroborating the smaller observed
lattice constants, thereby contributing towards an increase
in strength. None of the alloys showed signs of cracking or
fracture in compression, implying that the presence of the
alloying element atoms is not deleterious to plasticity, which
is high for all alloys. Calin et al. [24] tested in compression a
series of (Ti—40Nb)-xIn alloys and also observed similar
values in yield strength and excellent plasticity. The alloys in
this work displayed low work hardening and no continuous
yielding in the engineering tensile stress—strain curves. The
plasticity in tension of the three alloys was also not reduced
by alloying with Cu and Ga when compared to the reference
Ti—45Nb. Fig. 7c shows the elastic energy as a function of the
Young's modulus for a series of commercial implant mate-
rials and Ti alloys in literature. Values for the three alloys
range between 2.51 + 3.67 MJ/m® and are higher than those of
Cp-Ti. The Ga-bearing alloy exhibits the highest value,
significantly higher than Ti—6Al-4V, indicating greater
bearing of elastic deformation. For B-type Ti—Nb alloys,
deformation twinning is generally observed for Nb content
up to 42 wt.% (at room temperature) [23], however the
dominant deformation mode changes from twinning to
dislocation slip in alloys with high B stability [110], which is
indeed the case for the alloys in the present work. Micro-
structural investigations on highly compressed samples
(e°°™P- = 50%) confirm this aspect, where a single B phase was
retained. Nevertheless twinning, which is known to increase
strain hardening in B-Ti alloys [111], cannot be totally
excluded, because the presence of twins might be hindered
by the deformation bands formed during the compression
tests (Fig. 5b,d,f). Therefore, further investigations at lower
strains are needed to clarify this aspect. These results are in
good agreement with previous studies on the deformation
mechanism in a heavily stabilized B-type (Ti—40NDb)-3.5In
[25]. Even after thermo-mechanical processing (hot and cold
rolling with various thickness reduction), no sign of
deformation-induced phase transformation was observed
for these In-containing B-Ti alloys [25]. Similar results were
obtained by Sadeghpour et al. [20] for a heavily stabilized B-
type Ti-based alloy (Ti—3Al-8Mo—7V—3Cr, wt.%) deformed at
low strain rates, where the deformation mechanism was
attributed to only slip, further confirmed by XRD and EBSD
analyses [22,23].

Corrosion properties in synthetic physiological conditions
were also evaluated by OCP monitoring and linear anodic
polarization measurements in quasi-static conditions. Results
reveal that the corrosion resistance of the developed alloys is
high in PBS solution at 37.5 °C, indicating that the presence of
small additions of the alloying elements Ga and Cu is not
deleterious. However detailed studies on the presence of
antibacterial elements Ga and Cu in the surface passive film
and on their eventual release kinetics in physiological con-
ditions need further exploration. According to the traditional
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electrochemical equilibria diagrams of the pure alloying ele-
ments in water at 25 °C, these metals spontaneously passivate
at explored physiological pH (7.4). Due to the wide passivity
range of these alloys, a similar behavior can also be expected
at other possible physiological pH conditions such as during
surgery (pH 5.6) and in case of infection conditions (pH 9.0).
Reducing the pH value towards more acidic, below 5, could
result in an enhanced release of antibacterial ions, due to the
breakdown of the oxide films [112]. These results are similar
to the previous investigations on a (Ti—40Nb)—4In alloy,
which exhibits very low corrosion rates and stable anodic
passivity in synthetic physiological fluids [59]. In that case too,
In was homogeneously dissolved in the B-phase matrix with
no detectable effect on the electrochemical response.

5. Conclusions

The present work investigated the microstructural charac-
teristics, mechanical response and corrosion aspects of three
novel (Ti—45Nb)-based alloys containing small amounts (up to
4 wt.%) of the alloying elements Ga and Cu, namely:
(Ti—45Nb)es-4 Ga, (Ti—45Nb)gs—4Cu and (Ti—45Nb)es-
2 Ga—2Cu, designed based on [Mo].q and electron-per-atom (e/
a) ratio. Ga and Cu were chosen because of their outstanding
inherent antibacterial and antibiofilm properties, which
render these alloys suitable to be used to tackle antibiotic-
resistant implant-associated infections. The findings from
this study can be summarized as follows:

e All three alloys in STQ state display a single bcc pB-phase
microstructure with a homogeneous microstructure
devoid of any elemental segregation. The observed micro-
structures suggest that small additions of Ga lead to
improved grain refinement, as compared to Cu addition.
All alloys show higher yield strengths (in compression
31-55%, and tension 24—47%) and higher elastic energy
(28—64%) than the reference Ti—45Nb. The highest tensile
strain of 28 (+3) % was recorded for the (Ti—45Nb)¢s—4Cu
alloy. Young's modulus of the alloys is in the range
73 + 79 GPa, which is lower than clinically-used alloys.
Microhardness also increases (32—44%) with Ga and/or Cu
addition. These observations were mainly attributed to
solid solution and grain boundary strengthening.

B-phase is observed to be stable even after high compres-
sive strains with no other deformation-induced phases (at
€°°™P = 50%). Dislocation slip is the main dominant defor-
mation mechanism in the three alloys.

Small additions of the alloying elements Ga and Cu do not
deleteriously affect the corrosion resistance of the alloys in
the explored potential region and pH.

All three alloys could potentially be used for advanced
structural and biomedical applications. Desired bactericidal
properties might be exerted by either ion release or contact
killing, further investigations in this sense are progressing. As
a whole, this study suggests that the (Ti—45Nb)qs-4 Ga alloy
exhibits a great balance in terms of low stiffness, high
strength, ductility and high corrosion resistance.
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