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Titanium alloys are highly used in biomedical applications, especially structural ones, due to their mechanical
properties and biocompatibility. However, they are susceptible to pathogenic bacterial infections, a long-lasting
challenge of biomaterials exacerbated by the rise of antibiotic resistant bacteria. To address this, novel Ti-Nb-Cu
alloys with intrinsic antibacterial capability were developed and characterised in this study. It is found that
changing the amount of Nb and Cu brings about manufacturability and microstructural modifications. Specif-
ically, the amount of porosity increases, the microstructure changes from lamellar to p type, and precipitation of
the eutectoid TiyCu intermetallic phase occurs as the contents of Nb and Cu increase. Accordingly, the Ti-Nb-Cu
alloys become stronger and less ductile, though they do not fail catastrophically. They always form a protective
passivation layer against corrosion, though the corrosion rate is composition dependent. They are characterised
by a very strong antibacterial efficacy against both gram negative and gram positive bacteria, and they are not
cytotoxic. This combination makes the developed Ti-Nb-Cu alloys promising candidates for structural

biomedical applications.

1. Introduction

Materials have been used for biomedical applications from thou-
sands of years; however, biomaterials became much more readily
available and used in the 1940's [1]. Metals are the preferred biomate-
rial choice for medical implants due to their capability of withstanding
cyclic loads over long periods of time. They are, therefore, employed to
manufacture artificial joints, screws, plates, and prostheses among
others, aiming to replace or support failed bones [2,3]. Among metals
used in biomedicine, Ti alloys are generally preferred due to three main
aspects: high strength to density ratio (i.e. specific properties), low
stiffness among structural metallic biomaterials, and biocompatibility
[4]. High specific properties means that lighter devices with high me-
chanical strength can be produced. The low rigidity is beneficial to
enhance the transfer of loads from the prosthesis to the human bone,
reducing the so-called stress shielding effect [5]. It is worth mentioning
that, although Ti alloys have relatively low Young modulus, this is still
significantly higher than that of the human bones where this mismatch
eventually causes loosening of the implanted prosthesis. Biocompati-
bility means that the implanted prosthesis is not rejected by the human
body's immune system [6].

* Corresponding author.
E-mail address: leandro.bolzoni@waikato.ac.nz (L. Bolzoni).

https://doi.org/10.1016/j.mtchem.2026.103643

Metallic biomaterials, as other metallic products, are commonly
manufactured using wrought metallurgy, generally consisting of the
initial casting of the semi-finished product which is subsequently plas-
tically deformed to impart the desired final shape and properties. Post
manufacturing treatments like heat treatments or superficial modifica-
tions can also be applied to change the response of the material [7,8].
Powder metallurgy is an alternative manufacturing method to obtain
high performance materials, and it is adoption for the manufacturing of
metallic biomaterials brings along added advantages like the ability to
manufacture porous materials for enhanced bio-integration. The clas-
sical powder metallurgy route involves selection of the starting powder
(s), blending or mixing, shaping of the loose powders into the desired
shape, and conversion of the mechanically interlocked pressed powder
particles into chemically bonded particles through sintering [9].

Typical Ti alloys widely used in biomedicine are pure Ti [10,11] and
the Ti-6Al-4V alloy [12]; compositions are in mass percentage unless
specified differently. Concerns about the cytotoxicity of Al [13,14] and
V [15] led to the development of V-free (e.g. Ti-6Al-7Nb [16]) and
Al-free (e.g. Ti-13Nb-13Zr [17]) Ti alloys, whilst reduction of the
stiffness of the material has been addressed by developing beta Ti alloys
(e.g. Ti-35Nb-7Zr-5Ta or TNZT [18]). Significant research is still under
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way to develop Ti alloys with enhanced mechanical performance, lower
manufacturing costs, and added functionality, all of which can be pur-
sued by means of the correct selection of the alloying elements. Spe-
cifically, all the elements added to Ti will, to some extent, improve the
mechanical behaviour [19,20], but specific alloying elements need to be
used to reduce the Young modulus. Reduction of the intrinsic cost is
obtained by using alloying elements whose market value is lower than
that of Ti. Finally, added functionality such as enhance osteointegration
can be achieved using particular elements, which for biomedical appli-
cations is primarily restricted to non-toxic elements. Among all the
possible alloying elements, Nb is more expensive than Ti, but it is
commonly used to reduce the Young modulus, and Cu is cheaper than Ti
and has been considered to provide antibacterial capability to Ti alloys.
Even though both elements stabilise the p Ti phase, their intrinsic effect
is different as Nb is an isomorphous and Cu is a eutectoid alloying
element.

The addition of Nb to biomedical Ti alloys has been greatly studied
both in binary Ti-xNb alloys (where x = 5-40%) [21-26] and ternary
Ti-Nb-X systems, where X was Mn [27], Zr [28], Mo [29], or Ta [30]
among others. A range of manufacturing techniques including vacuum
arc remelting [21,24,30], cold crucible levitation melting [27,29], press
and sinter [26], metal injection moulding without and with hot isostatic
pressing [22,23], and spark plasma sintering [25,28] have been
explored. In binary Ti-xNb, the addition of Nb changes the equiaxed
microstructure of Ti to lamellar a+f for additions lower than 34% and
eventually to equiaxed p grains when the Nb content exceeds this value.
The brittle o Ti phase is detected for Nb contents greater than 30% [21].
The stabilisation of a higher amount of  phase and the formation of the
o phase are, respectively, responsible for the initial decrease and sub-
sequent increase of the stiffness. Generally, the strength increases, and
the ductility decreases, with the incremental addition of Nb for con-
centrations up to 34%, point from which the trend is reversed. The
addition of Nb also increases the corrosion resistance [23], and does not
change the cytotoxicity with respect to pure Ti [24].

The addition of Cu to biomedical Ti alloys has been investigated both
in binary Ti-xCu (where x = 2-25%) [31-35] and ternary systems, where
the main approach was to add Cu to commercial Ti alloys compositions
like Ti-6Al-4V [36] and Ti-5Al-2.5Fe [37]. Either casting [31,33,36] or
solid state processes like vacuum hot pressing [32,35,37] and press and
sinter [34] were used for their manufacturing. The progressive addition
of Cu to Ti leads to the formation of a lamellar a+f microstructure but,
conversely to Nb, Cu does not permit to obtain beta Ti alloys. Instead, a
eutectoid microstructure composed of o+p Ti phases and TiyCu pre-
cipitates is formed for Cu contents >2.0%. The incorporation of Cu in Ti
alloys generally leads to an increase in strength, a decrease in ductility,
and functionalises the material with antibacterial capability [32,33,
35-37] without increasing cell toxicity [35].

The joint effect of the simultaneous addition of Nb and Cu to Ti to
create biomedical Ti alloys has been considered by He et al. [38],
Takahashi et al. [39], and Li et al. [40]. Specifically, He et al. [38]
analysed the fabrication of superelastic Ti~40Nb-(0-10)Cu alloys via
spark plasma sintering reporting a high antimicrobial activity due to the
presence of Cu. The alloys showed better inhibitory activity against
bacteria (E. coli and S. aureus) than fungi (C. albicans). Takahashi et al.
[39] reported the mechanical properties of a series of 15 different
Ti-(5-30)Nb-(2-20)Cu alloys obtained via ingot casting followed by
bench-cooling, concluding that 4 of them can be used for dental pros-
theses. Finally, Li et al. [40] worked on the development of low-modulus
Ti-35Nb-(0-4)Cu alloys aiming at achieving antibacterial behaviour
through the addition of Cu. The samples were fabricated via arc-melting,
followed by homogenisation at 1000 °C for 12 h, water quenching, and
final hot rolling at 1000 °C. The antibacterial rate increased with the
amount of Cu. From literature it is, thus, found that very high amounts of
Nb are generally targeted and casting was primarily explored for pro-
ducing Ti-Nb—Cu alloys. To fill gaps, the aim of this work is to explore
the design, manufacturing, and characterisation of new ternary
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Ti-Nb-Cu alloys with relatively low amount of Nb and manufactured by
means of powder metallurgy. In particular, the physical properties,
mechanical behaviour, and biological response of these new alloys ob-
tained via the press and sinter approach was investigated and quantified.
The aim was to identify their interrelationships, and prove their
biocompatibility and antibacterial capability. It is worth mentioning
that the specific alloying elements where chosen because of their proven
biological response. Specifically, Nb is regarded as non-cytotoxic and its
addition contributes to the reduction of the stiffness of Ti and enhances
the biocompatibility. Conversely, Cu is renown to confer antibacterial
properties when added to Ti alloys. Thus, the aim was to strike a balance
between biocompatibility and antibacterial properties. As cost was also
an issue that was addressed, ternary Ti-Nb—Cu alloys were preferred
over more complex alloys which bear additional expensive elements like
Zr such as in the Ti-Nb-Zr—Cu alloys [41].

2. Experimental procedure

The raw materials for this study were a hydride-dehydride (HDH)
pure Ti powder with irregular morphology (Dgp < 75 pm, purity
>99.4%), a pure Nb powder with angular morphology (Dgy < 45 pm,
purity >99.8%), and a pure Cu powder with dendritic morphology (Dgg
< 63 pm, purity >99.7%). Three ternary Ti-Nb-Cu alloys with Nb to Cu
ratio of 1:1 were produced. They are reported in Table 1 along with their
density calculated by means of the rule of mixtures. It is worth
mentioning that pure Ti and the Ti-2Nb alloy were also considered as
reference materials to assess the microstructural changes and the me-
chanical behaviour. The theoretical density of the Nb-bearing alloys
increases with the addition of the alloying elements as both Nb (8.57 g/
em®) and Cu (8.96 g/cm®) have higher density than pure Ti (4.50 g/
cms). The powders were mixed in a V-blender for 30 min using a fre-
quency of 45 Hz to ensure homogenisation of the distribution of the
powder particles before their shaping into 40 mm diameter samples
through cold uniaxial pressing at 600 MPa. The shaped samples were
then sintered under vacuum (10’3 Pa) at a maximum temperature of
1300 °C for 2 h using heating and cooling rates of 10 °C/min.

For the characterisation of the microstructure, the alloys were cut,
ground with SiC papers, and polished using a colloidal silica suspension.
Revealing of the microstructural phases was done by chemical etching
by means of a water-based Kroll solution: 4 vol% of HF and 5 vol% of
HNOs. The microstructure was analysed through both optical (Olympus
BX60) and electron (Hitachi S4700) microscopy aiming to understand
the distribution of the expected residual porosity and Ti phases. XRD (X-
ray diffraction) 30-80° patterns of the sintered alloys were obtained by
scanning the materials every 0.013° with dwell time of 0.5 s by means of
Panalytical X'pert equipment. The dimensions (i.e. diameter and thick-
ness) of the samples, as measured using a 2-decimal calliper, and the
weight of the samples, as measured using a 4-decimal balance, were
used to calculate the density after pressing. The water displacement
method (ASTM B962) was used to quantify the density of the sintered
samples. Relative density values, either before or after sintering, were
calculated by dividing the density values by the theoretical density of
each alloy (Table 1). The densification parameter [42] was used to
elucidate the effectiveness of the sintering process, and the effect of the

Table 1
Composition and theoretical density of the alloys considered in this study.

Material Ti [wt. Nb [wt. Cu [wt. Theoretical density [g/
%] %] %] cm?’]

Ti 100 - - 4.50

Ti-2Nb 98 2 - 4.58

Ti-2Nb-2Cu 96 2 2 4.67

Ti-6Nb-6Cu 88 6 6 5.01

Ti-10Nb-10Cu 80 10 10 5.35



astm:B962
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amount of alloying elements used.

For the quantification of the tensile behaviour, 2 x 2 mm? dogbone
samples with gauge length of 20 mm were cut using electrical discharge
machining. A minimum of three samples per composition were cut, and
their surface was ground to eliminate its influence. Tensile testing was
performed on an Instron 33R4204 using a strain rate of 5 x 107> s~ .
The elongation of the samples was recorded using an external me-
chanical extensometer and the offset method was used to calculate the
yield stress. Rockwell hardness measurements (minimum of five per
sample) were done to quantify the hardness of the ternary Ti-Nb-Cu
alloys and the reference alloys.

Electrochemical properties of the samples were determined by using
a three-electrode configuration on an electrochemical workstation
(eDAQ e-corder 410) at room temperature in HBSS (i.e., Hanks’
balanced salt solution). A silver/silver chloride electrode and a platinum
electrode served, respectively, as reference and counter electrode
meanwhile the samples were the working electrode. A scanning rate of
50 mV-s~! from —2 V to 2 V was used to generate the potentiodynamic
polarisation curves, from which the corrosion potential E. and the
corrosion current density i, were then determined. The corrosion rate
was estimated as M-i./n'F where M is the molar mass of titanium (g/
mol), n is the valency number, and F is the Faraday constant (96,485C/
mol).

Antibacterial properties of the sintered alloys were quantified using
gram negative E. coli (DH5-a) and gram positive S. aureus (MRSA 4549)
bacteria, which were incubated and cultured in a Luria Broth base
overnight for determining their absorbance via a BioRad Smart-specTM
3000 spectrophotometer. Calculation of the CFU, the colony-forming
unit, was subsequently performed using 10”2, 107, and 107° serial
dilutions. Following the Japanese Industrial Standard JIS 2801:2010
[43], with minor modifications, the in-vitro plate count method was used
on three replicates placed inside a 12-well culture plate with 30 pl of
bacterial culture for their incubation at 37 °C for 1 day. A PBS solution
was used to isolate the bacteria, which were then incubated overnight at
37 °C on LB agar-bearing petri dishes. The antibacterial rate was
calculated using Eq. (1):

CF Usample

- Eq. 1
CFl Ucontrol q

Antibacterial rate = (1

)x 100 (%]
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Commercially available HeLa cell lines (ATCC) were used to measure
the cell viability response. Foetal Bovine Serum and MEM Eagle's solu-
tion were used as base media to which different amounts of Penicillin as
antibiotic was added. After centrifugation of the cell-bearing media for
supernatant removal, the cell growth was promoted via incubation at
37 °C with 5% CO,. After few passages, Alamar Blue (Invitrogen™, USA)
was used as viability assay, measuring the cells concentration at expo-
sure. Pure media (negative control), HeLa cells (positive control), and
autoclaved specimens were loaded into a 24-well plate using 1 x 108
cells/ml concentration, equivalent to 500 pl of liquid. After 1 day, 3
days, and 5 days of incubation, a mixture of Eagle's solution and Alamar
blue (ratio 9:1) was added and incubated at 37 °C for 4 h. The cell
viability was determined using a Thermo Scientific Multiskan Go reader.

For both antibacterial and cell viability tests, the results are shown as
the arithmetic mean + one standard deviation. Analysis of the results
was carried out using the t-test, with statistically significant difference
levels of *p < 0.01, #p < 0.05 and Tp < 0.1.

3. Results

Fig. 1 shows the microstructure of the alloys considered in the study.
Regardless of the composition, all the materials are characterised by the
presence of a uniform distribution of spherical pores primarily located at
the grain boundaries; although some few pores are also present the in
middle of the grains. In terms of microstructural features, pure Ti is
composed of equiaxed a Ti grains (Fig. 1a), and the initial addition of
Nb, which is an isomorphous f stabiliser, changes the equiaxed structure
to a lamellar structure in the Ti-2Nb alloy (Fig. 1b). The subsequent
addition of Cu in the Ti-2Nb-2Cu alloy, where Cu is a eutectoid p sta-
biliser, does not change the nature of the lamellar structure (Fig. 1c).
However, the further increment of the amount of alloying elements
progressively refines the lamellar microstructure (Fig. 1d) and, even-
tually, leads to a § type microstructure in the Ti-10Nb-10Cu alloy
(Fig. 1e). XRD analysis (Fig. 1f) shows that the a and f Ti phases are
generally present in the Ti-Nb—Cu alloys, the eutectoid Ti,Cu interme-
tallic phase is found when the Cu content is greater than 2% (i.e., 6% in
this instance), and the o’ phase precipitates in the Ti-10Nb-10Cu alloy.

Fig. 2, which shows the SEM micrographs of the Nb-bearing Ti alloys,
primarily confirms the results of optical microscopy where the
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Fig. 1. Optical micrographs of the pressed and sintered Nb-bearing Ti alloys: a) Ti, b) Ti-2Nb, ¢) Ti-2Nb-2Cu, d) Ti-6Nb-6Cu, e) Ti-10Nb-10Cu, and f)

XRD patterns.
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Fig. 2. SEM micrographs of the pressed and sintered Nb-bearing Ti alloys: a) Ti-2Nb, b) Ti-2Nb-2Cu, ¢) Ti-6Nb-6Cu, and d) Ti-10Nb-10Cu, and representative
elemental maps of the distribution of the alloying elements (i.e. Ti~-10Nb-10Cu alloy): e€) combined maps, and f) Cu and Nb maps.

progressive addition of Cu refines the size of the a+f} lamellae, and re-
duces the interlamellar spacing. From Fig. 2e-f), which shows the
elemental mapping distribution of the alloying elements in the
Ti-10Nb-10Cu alloy, it can be seen that the composition of the alloy is
fully homogenous, though partitioning of the alloying elements between
the phases occurs. It is worth mentioning that, as the Ti-10Nb-10Cu
alloy has a homogeneous distribution of the alloying elements, the same
is found for less heavily alloyed Ti-Nb—Cu alloys where the amount of
initial Nb and Cu particle that need to dissolve within the Ti matrix is
much lower.

The variation of the density and porosity (both before and after
sintering), as well as that of the associated densification, is presented in
Fig. 3. The density of the pressed samples is initially fairly constant and,
subsequently, increases. This results in a monotonic increment of the
amount of porosity found in both the pressed and sintered alloys as a
function of the amount of alloying elements added. Moreover, it can be
seen that the gap between the porosity of the pressed and sintered
samples does also increase with the total amount of alloying elements
added, being 8.2% for the Ti-2Nb alloy and 11.1% for the
Ti-10Nb-10Cu alloy. In terms of densification, it can be seen that pure
Ti, Ti-2Nb and Ti-2Nb-2Cu have a similar value, which subsequently
significantly decreases for a higher additions of alloying elements.

Representative stress-strain curves are presented in Fig. 4 where it
can be seen that, regardless of the composition, all the sintered materials
are characterised by both elastic and plastic deformation behaviour

(Fig. 4a). The results of the fractographic analysis performed on the
broken tensile samples are in agreement with the tensile data as the
fracture surface of pure Ti, Ti-2Nb, Ti-2Nb-2Cu, and Ti-6Nb-6Cu is
primarily composed of dimples typical of a fully ductile fracture. How-
ever, it can also be noticed that the size of the dimples changes with the
type of material, the fracture surface flatness is different, and features
related to more brittle transgranular fracture are present when Cu is
added as alloying elements. The Ti-10Nb-10Cu alloy has a fairly flat
fracture surface with characteristic river patterns.

The variation of the average mechanical properties is presented in
Fig. 5 where it can be seen that the addition of the isomorphous f sta-
biliser Nb leads to a significant increment of the ductility with respect to
Ti. However, the strength (both yield stress and ultimate tensile
strength) is not significantly affected as, on average, they are slightly
more than 10 MPa higher. The initial addition of the eutectoid p stabi-
liser Cu to the Ti-2Nb alloys significantly increases the strength at the
expenses of the ductility, which is reduced to approximately 15%. The
subsequent increment of the Nb and Cu contents in the Ti-Nb-Cu alloys
leads to the progressive increment of the strength and the reduction of
the ability to withstand plastic deformation. Similarly to the strength,
the hardness of the sintered materials increases with the addition of Nb
or the simultaneously increment of the Nb and Cu contents.

The results of the characterisation of the corrosion behaviour of the
Ti-Nb-Cu alloys are shown in Fig. 6 by means of representative poten-
tiodynamic polarisation curves indicating that the alloys have the
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Fig. 3. Physical properties of the pressed and sintered Nb-bearing Ti alloys: a) density, b) amount of porosity, and c) densification.
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Fig. 4. Representative stress-strain curves (a), and results of the fractographic analysis: b) Ti, ¢) Ti—-2Nb, d) Ti-2Nb-2Cu, e) Ti-6Nb-6Cu, and f) Ti-10Nb-10Cu.
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Fig. 5. Mechanical properties of the pressed and sintered Nb-bearing Ti alloys: a) tensile strength (yield stress and ultimate tensile strength), b) elongation, and

¢) hardness.
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Fig. 6. Corrosion behaviour of the pressed and sintered Nb-bearing Ti alloys: a) potentiodynamic polarisation curves, b) corrosion potential, and c) corrosion rate.

characteristic passivation response of Ti alloys. The actual composition
affects both the current density and corrosion potential where the latter,
generally, decreases as the amounts of Nb and Cu increase. However, the
Ti-6Nb-6Cu alloy has the lowest value. Therefore, the Ti-Nb-Cu alloys
have a higher corrosion rate with respect to pure Ti, where the
Ti-2Nb-2Cu alloy has the highest corrosion rate of 10.8 pm/year.

Fig. 7 shows the results of the biological response, both antibacterial
and cell viability, of the pressed and sintered Nb-bearing Ti alloys.
Regardless of their chemistry, the Ti-Nb-Cu alloys have a suitable
antibacterial response, which is commonly greater than the minimum
90% threshold reported by the GB4789.2-2016 standard to be

considered antibacterial materials. A less straightforward behaviour is
obtained in terms of cell viability with a significant impact from the
actual exposure time, where the cell viability is affected after 1 day but
recovered for longer exposure times. It can also be seen that few of the
antibacterial and cell viability behaviours are statistically significant,
with all the average data points being Grade 2 (day 1) or above (day 3
and day 5). This indicates that they are not cytotoxic as per the ISO
10993-5/2009 standard grading system.
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Fig. 7. Biological response of the pressed and sintered Nb-bearing Ti alloys: a) antibacterial rate against E. coli, b) antibacterial rate against S. aureus, c) cell (HeLa)
viability at one day, d) cell (HeLa) viability at three days, e) cell (HeLa) viability at five days, and f) evolution of the cell (HeLa) viability with exposure time. *p <

0.01, *p < 0.05 and 'p < 0.1.
4. Discussion

In this study the manufacturing and characterisation of new ternary
Ti-(2-10)Nb-(2-10)Cu alloys was considered. Specifically, the alloys
were manufactured by means of the blended elemental powder metal-
lurgy approach whilst casting is commonly used in literature. Moreover,
relatively lower amounts of Nb were considered compared to literature,
where much higher amounts (i.e., 35-40%) [38,40] are the norm. Where
possible and sensible, the properties were compared to those of pure Ti
and the Ti-2Nb alloy manufactured using the same technique. Micro-
structural analysis (Fig. 1) shows that the sintered alloys have a uniform
distribution of spherical pores primarily located at the grain boundaries
in their microstructure. The mean size of the pores seems to be slightly
bigger as the amount of alloying elements added to the Ti matrix in-
creases. However, the presence of spherical pores indicates that, under
the sintering conditions used in the current study, the alloys reached the
last stage of sintering where pore coalescence occurs. Considering the
phases present in the microstructure, it is found that pure Ti is composed
of equiaxed o Ti grains, whose grain size is comparable to that of the
starting HDH powder. This means that no significant grain growth
occurred in the material. The addition of Nb changes the equiaxed grains
to a lamellar structure in the Ti-2Nb alloy; the lamellar microstructure is
typical of a+p Ti alloys slow cooled from above their allotropic phase
transformation temperature. In particular, the size of the prior p grains is
comparable to that of pure Ti and alternating parallel a+p lamellae are
found within each prior § grain. The Ti-2Nb-2Cu alloy still has a
lamellar structure, but the incorporation of Cu significantly increases the
size of the prior p grains and the width of the a+p lamellae. Further
combined additions of Nb and Cu reduce the size of the prior p grains,
which is comparable to that of the Ti-2Nb alloy, reduce the width of the
a+p lamellae, which are finer that those found in the Ti-2Nb alloy, and
reduce the interlamellar spacing. Both the Ti-2Nb-2Cu and Ti-6Nb-6Cu
are o+p Ti alloys. The subsequent increment of the Nb and Cu contents
to 10% creates a metastable p Ti alloy whose microstructure is composed
of equiaxed P grains. The average size of these grains is slightly bigger
than the original HDH powder particles, and very fine o'a needle-shaped
grains typical of metastable p Ti alloys are also present.

The XRD patterns of the sintered materials (Fig. 1f) show that the

reference pure Ti is exclusively composed of peaks related to the hcp
crystalline structure of the a Ti phase. Although of the stabilisation of the
B Ti phase found during the microstructural analysis of the Ti-2Nb and
Ti-2Nb-2Cu alloys, no peaks related to the bec crystalline structure of
the B Ti phase were detected on the XRD patterns of those alloys. This is
due to the limitation of the equipment used [44]. However, it can be
seen that peaks related to the family planes of the becc crystalline
structure are detected in the XRD patterns of the Ti-6Nb-6Cu and
Ti-10Nb-10Cu alloys. Moreover, it can be seen that in these alloys the
presence of the eutectoid TioCu intermetallic phase is also detected. This
phase could not be properly identified during the microstructural
analysis, but it is expected on the basis of the binary Ti-Cu phase dia-
grams [45]. Literature reports on the fabrication of binary Ti—Cu alloys
show that the eutectoid TipCu intermetallic phase was found for Cu
additions greater than 2% [31-36,39]. Finally, in the Ti-10Nb-10Cu
alloys the main peak of the o’ phase peak, which was found as
needle-like precipitates within the equiaxed p grains (Fig. 1e), was also
detected overlapping with the a (002) peak. XRD analysis also hints to
the fact that no undissolved alloying elements are present, and this was
confirmed by means of SEM-EDS analysis (Fig. 2). In particular, the
representative elemental maps of the Ti-10Nb-10Cu alloy, which is the
one bearing the greatest among of both Nb and Cu, show a fully ho-
mogenous chemistry with no undissolved powder particles of the orig-
inal alloying elements. More in detail, Nb is homogeneously distributed
in both the a and f Ti phases whilst Cu is predominantly found in the § Ti
phase. This is in agreement with the, respective, binary Ti-Nb and Ti-Cu
phase diagrams [45] as Nb is soluble in the o Ti phase (approx. 4%)
whereas the solubility of Cu in the a Ti phase is negligible.

From the analysis of the variation of the physical properties (Fig. 3),
it is found that the addition of the Nb and Cu powders initially decreases
the density of the pressed samples, which afterwards increases. Simi-
larly, the density of the sintered alloys systematically increases with the
total amount of alloying elements added. As the theoretical density of
the Ti-Nb-Cu alloys increases with the addition of Nb and Cu, both
being heavier that Ti, this means that the differences in terms of particle
size distribution, particle morphology, and hardness of the blended raw
materials diminish the compressibility of the alloy. In particular, both
the initial addition of 2% of Nb to Ti as well as the addition of 2% Cu to
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the Ti-2Nb alloy lead to an approximate decreases of 2% of the relative
density of the pressed samples. The subsequent addition of more Nb and
Cu also leads to a further 2% decrease of the relative density of the
pressed samples. As the latter is strongly related to the relative density of
the sintered density, the relative density of the sintered specimens has
also a decreasing trend with the progressive addition of more alloying
elements. Coherently, Fig. 3b) shows that the amount of residual
porosity found in the Nb-bearing Ti alloys monotonically increases with
the amount of alloying elements. This means that the higher the amount
of alloying elements that needs to dissolve within the Ti matrix the lower
the relative density of the sintered samples. This behaviour is due to the
progressive increase of the Nb content rather than the Cu content.
Specifically, Nb has much higher melting point than Ti, and so of Cu, and
thus slower diffusivity at a constant temperature, whereas Cu has lower
melting point than Ti. From literature, the progressive addition of
dendritic Cu particles to a HDH Ti powder in binary Ti-Cu alloys de-
creases the relative density of the pressed samples, but actually increases
the relative density of the sintered samples as the high diffusivity of Cu
enhances the densification of the alloy [34]. As a consequence of the
concurrent effects that the added powder particles of the alloying ele-
ments have on the density of both the pressed and sintered alloys, it is
found that the densification level is comparable (~67%) amongst pure
Ti and the Ti-2Nb and Ti-2Nb-2Cu alloys. However, lower densification
values are then achieved for higher additions of alloying elements. This
is because a greater amount of thermal energy needs to be invested for
the dissolution and homogenisation of the alloying elements within the
microstructure.

The mechanical characterisation of the pressed and sintered Nb-
bearing Ti alloys by means of tensile testing shows, through the repre-
sentative stress-strain curves, that the alloys are able to withstand some
plastic deformation after yielding (Fig. 4). The alloys become stronger,
and automatically less ductile, as the amount of alloying elements is
increased. Hence, the morphology of the dimples present in the fracture
surface changes, and the surface itself becomes more flat transitioning to
a more brittle behaviour, rather than purely ductile. Specifically, the
fracture surface of pure Ti is fairly rough, typical of ductile metals with a
hep lattice and equiaxed microstructure. Subsequently, the fracture
surface becomes less rough, practically flat, for the Ti-10Nb-10Cu alloy,
which is characterised by complete transgranular fracture. As a general
trend, the addition of a progressively higher amount of alloying ele-
ments increases the yield stress, the ultimate tensile strength, and the
hardness, and decreases the achievable strain. The only exception is the
Ti-2Nb alloy, which is slightly stronger than pure Ti but also more
ductile (Fig. 5). In this specific case, the increment of the ductility is due
to the initial stabilisation of the f} phase. In particular, the addition of Nb
transforms the microstructure from being composed by equiaxed grains
in pure Ti (Fig. 1a) to a lamellar structure (Fig. 1b). More generally, the
variation of the mechanical properties and the fracture surface (Fig. 4) is
obviously related to the different effects that the addition of the alloying
elements have on the manufacturability, microstructure, and phases of
the materials. As previously discussed, the addition of Nb and Cu to Ti
decrease the achieved relative density, transforms the equiaxed
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microstructure into lamellar with different features depending on the
type and total amount of alloying elements, and the eutectoid Ti,Cu
intermetallic phase is present in the Ti-6Nb-6Cu and Ti-10Nb-10Cu
alloys. In order to better understand the specific contribution of the
microstructural features, the average mechanical properties are plotted
against the amount of porosity present in the sintered samples in Fig. 8.
It would generally be expected that the strength and hardness linearly
decrease with the increment of the amount of porosity. However,
Fig. 8a) shows that both the strength and the hardness of the Nb-bearing
Ti alloys linearly increase with the amount of porosity. To prevent
misunderstanding, it is worth mentioning that though the trend reported
in Fig. 8a) is against the porosity, the trend is actually due to the con-
current effects brought about by the addition of the alloys rather than a
causative relationship. In particular, the negative effect induced by the
increment of the amount of porosity is overcompensated by the bene-
ficial effects derived by the addition of the alloying elements. These
include the formation of a progressively refined lamellar structure, a
greater amount of stabilised § Ti phase, and a greater contribution to
solution hardening by the alloying elements. Moreover, the precipita-
tion of the eutectoid TioCu intermetallic phase, notably intrinsically
hard and brittle, in the Ti-6Nb-6Cu and Ti-10Nb-10Cu alloys further
contributes to increasing the mechanical properties. All of these
microstructure-related features hinder the movement of dislocations
and contribute to the strengthening of the material. In particular, solu-
tion hardening is achieved thanks to the presence of a higher amount of
alloying elements dissolved in the lattice, strain hardening is obtained
through the formation and refinement of the lamellar structure, and
precipitation hardening derives from the eutectoid TiCu particles.
However, it is interesting to note that the hardness of the Nb-bearing Ti
alloys increases at a greater rate than its strength, where the yield and
ultimate tensile strength have comparable incremental rate. With
respect to the ductility of the alloys (Fig. 8b), all the previously
mentioned strengthening mechanisms contribute to the embrittlement
of the material on top of the presence of a greater number of pores,
whose size also increases with the addition of a greater amount of
alloying elements.

The potentiodynamic polarisation curves showing the corrosion
behaviour of the Ti-Nb—Cu alloys indicate that they are able to form a
protective passivation layer regardless of the actual chemistry of the
alloy. This means that the concurrent addition of Nb and Cu does not
disrupt the ability to self-passivate, though the specific amount of
alloying elements added directly changes the corrosion response. With
respect to pure Ti, the Ti-2Nb-2Cu alloy has a more positive corrosion
potential, and the Ti-6Nb-6Cu and Ti-10Nb-10Cu alloys have a more
negative value. This is commonly associated with a lower propensity to
release metallic ions. Thus, the Ti-2Nb-2Cu alloy has the highest
corrosion rate amongst the alloys studied; however, as the corrosion rate
depends also on the current density, it can be seen that the other
Ti-Nb-Cu alloys have a slightly higher corrosion rate with respect to
pure Ti. This is due to the presence of the alloying elements dissolved
onto the Ti lattice. From the potentiodynamic polarisation curves it can
also be seen that the slope of the cathodic part of the curve is fairly
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Fig. 8. Mechanical properties of the pressed and sintered Nb-bearing Ti alloys plotted against the porosity level: a) strength, b) elongation, and c¢) hardness.
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constant (i.e., —0.27 & 0.05 mV/dec) since it related to the Hanks so-
lution corrosion medium. Conversely, the slope of the anodic part of the
curve is directly affected by the chemical composition, with values
ranging from —11.7 mV/dec for the Ti-2Nb-2Cu alloy to —38.1 mV/dec
for the Ti-6Nb-6Cu alloy, clearly showing the effect of the actual
resultant microstructure. These data point to the fact that the process is
electron-transfer controlled. The actual corrosion response and corro-
sion rate are, therefore, the compromise between the amount of
porosity, which leads to localised changes of the corrosion environment
(e.g., oxygen depletion [46]), and the phases present. The latter lead to
the formation of local galvanic couples as a function of the partitioning
of the alloying elements in the different phases. In particular, it seems
that, in this instance, having a refined lamellar microstructure and the
precipitation of the eutectoid Ti,Cu intermetallic phase is beneficial to
reduce the corrosion rate of the Ti-Nb-Cu alloys.

The analysis of the antibacterial response of the pressed and sintered
Nb-bearing Ti alloys shows that they are effective against both gram
negative E. coli and gram positive S. aureus, with antibacterial rates al-
ways greater than 90% (Fig. 7). The average antibacterial rate is slightly
higher against E. coli (i.e., 98.6 + 0.3) than S. aureus (i.e., 92.5 + 0.6)
where the antibacterial response is attributed to the use of Cu as alloying
element, which is known to be one of the most effective natural anti-
bacterial elements [47]. In terms of cell viability as assessed in com-
parison to HeLA cells, it can be seen that the lowest values are obtained
after 1 day of exposure, and the viability decreases with the amount of
alloying elements added. This hints to the fact that the cells undergo
some sort of stress when first exposed to the new environment (i.e., the
surface of the Ti-Nb—Cu alloys) and need time to adapt to it. It can then
be seen that, despite local variations as a function of the type of alloy and
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exposure time, there is a general recovery of the cell viability with
minimum values of 90.2% after 3 days of exposure and 84.1% after 5
days. The increments from day 1 to day 3 are, generally, statistically
significant. Regardless of the actual values, the Ti-Nb-Cu alloys are
always considered not cytotoxic on the basis of the guidelines provided
by ISO 10993-5/2009 standard.

In order to clarify which of the microstructural features do affect the
most the mechanical properties, the corrosion behaviour, and the bio-
logical response, as well as to identify hidden relationships, a linear
regression heat map was developed and it is presented in Fig. 9. From
this analysis, it can be seen that there are very strong correlations
amongst the different aspects of the microstructure considered, which
include the relative density, the densification, and the inferred amount
of stabilised B Ti phase and precipitated eutectoid Ti>Cu intermetallic
phase. This is coherent with the results of the microstructural analysis
(Figs. 1 and 2) and of the physical properties (Fig. 3) of the Ti-Nb—-Cu
alloys. The progressive addition of a greater amount of alloying elements
simultaneously changes the resultant amount of porosity and phases
present. Not surprisingly, strong interrelations are also found amongst
the measured mechanical properties and the microstructural features.
For instance, in metals, strength and hardness commonly share a similar
trend, which is the opposite to that of ductility, as all of them are
controlled by the active strengthening mechanisms and how much dis-
locations movement is hindered. In this occurrence, the increment of the
Nb and Cu contents lead to solid solution strengthening, grain refine-
ment [48], stabilisation of a greater amount of f} phase, precipitation of
the eutectoid TioCu intermetallic phase, and higher amount of porosity.
All of these factors are detrimental to ductility and all of them, except
porosity, are beneficial to enhance plastic deformation resistance
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(Fig. 5). Microstructural features, and accordingly mechanical proper-
ties in this occasion, have a significantly lower correlation with the
corrosion behaviour and the biological response as both are affected by
the formation of a passivation layer (Fig. 6) and localised phenomena
happening on the surface of the Ti-Nb—Cu alloys. However, it is found
that the microstructural features strongly affect the cell viability at 1 and
5 days of exposure, as HeLa cells are initially stressed by coming into
contact with Ti-Nb-Cu alloys and then they recover. There is strong
correlation between corrosion potential and corrosion rate, and they
both have an impact on the response of the E. coli bacteria, but not on
other bacteria/cells. This is most likely due to the characteristic less
pronounced peptidoglycan wall and presence of both an outer and a
cytoplasmic membrane of gram negative bacteria [47]. The specific
response of the bacteria and cell strains used (i.e., DH5-a for E. coli,
MRSA 4549 for S. aureus, and ATCC for HeLa cells) also leads to some
unusual correlations between particular aspects of the quantified overall
biological response.

Fig. 10 shows a comparison of the mechanical behaviour of the
pressed and sintered Nb-bearing Ti alloys of this study with binary
Ti-Nb alloys [21,22], binary Ti-Cu alloys [31,34,49], Ti-Cu-Mn
[50-54]1, Ti-Nb—Cu alloys [39,40], Ti-Nb-Zr-Cu alloys [41], and com-
mon biomedical Ti-based alloys [55]. From Fig. 10a), it can be seen that
the sintered Nb-bearing Ti alloys of this study have better yield stres-
s/elongation balance than most materials including sintered binary
Ti-Nb alloys, cast binary Ti-Cu alloys, sintered binary Ti-Cu alloys,
sintered Ti-Cu-Mn alloys, and other Ti-Nb—Cu alloys. The performance
are comparable to those of cast binary Ti-Nb alloys with high Nb content
(14-26%) and slightly lower, at least in term of yield stress for the same
elongation, with respect to wrought Ti alloys commonly used in
biomedicine (e.g., Ti-6A1-4V). The Ti-Nb-Zr-Cu alloys are generally
stronger and more ductile as obtained via casting plus heat treatment.
The differences in terms of mechanical performance are obviously
related to the differences in terms of microstructural features (i.e.
presence of porosity, phases, and characteristics of the lamellar struc-
ture) and the oxygen content, which is generally expected to be higher in
sintered Ti alloys produced from HDH powder [12,16,22,56,57], with
respect to wrought Ti alloys. Similar behaviour is found for the ultimate
tensile strength/hardness balance where the Nb-bearing Ti alloys of this
study generally have better or comparable ultimate tensile strength, but
lower hardness compared to other Ti alloys either wrought, cast, or
sintered.

A comparison of the antibacterial response of the pressed and sin-
tered Nb-bearing Ti alloys of this study with literature [32,38,40,50-54,
58-61] is presented in Fig. 11 for both gram negative and gram positive
bacteria. From the comparison, it can be seen that the alloys developed
in this study are amongst the most effective antibacterial Cu-bearing
alloys, regardless of their composition and the type of bacteria consid-
ered. Some of the binary Ti-xCu and ternary Ti-Nb—Cu alloys stand out
as having an antibacterial rate lower than minimum threshold of 90%,
despite bearing Cu as alloying element. This is mainly due to the com-
bination of actual amount of Cu used as alloying element and the
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manufacturing parameters used, which change the resultant micro-
structural features. In literature, the presence of Ti;Cu has been reported
to enhance the antibacterial response of Cu-bearing Ti alloys [32,33,
35-37].

5. Conclusions

This study investigated the development of novel Ti-Nb-Cu alloys
manufactured by means of the blended elemental powder metallurgy
approach and characterised their microstructure, physical properties,
mechanical performance, corrosion behaviour, and biological response.
The addition of a progressively greater amount of Nb and Cu to Ti affects
both the manufacturability (e.g., densification) and the resultant struc-
ture. The Ti-Nb—Cu alloys are characterised by a homogenous distri-
bution of residual pores, whose total amount increases with the alloying
elements content, and a lamellar microstructure that becomes finer and
transition to a p type microstructure for a sufficiently high amount of
alloying elements, 10 wt percentage in this instance. The increase of the
Cu content also eventually leads to the precipitation of the eutectoid
TioCu intermetallic phase. Homogenisation of the chemistry of the alloy
is always achieved with the manufacturing parameters used, regardless
of the actual chemical composition of the Ti-Nb-Cu alloys. As a
consequence of the described microstructural changes, the Ti-Nb-Cu
alloys become progressively stronger and harder, but less ductile, as the
amount of alloying elements is increased due to the several strength-
ening mechanisms which are activated (e.g., microstructural refine-
ment, and precipitation). Nevertheless, the Ti-Nb-Cu alloys always
undergo plastic deformation upon tensile loading, indicating a non-
catastrophic failure, though the fracture mode transition from pure
ductile to transgranular. Very strong correlations are found between and
amongst the several microstructural and mechanical properties ana-
lysed. Irrespective of their chemistry, the Ti-Nb-Cu alloys show the
characteristic passivation response of Ti alloys, meaning that the con-
current addition of Nb and Cu does not interfere with its formation.
However, the overall corrosion behaviour, and so the corrosion rate, are
composition dependent, with the process being controlled by transfer of
electrons. In terms of biological response, the Ti-Nb—Cu alloys devel-
oped in this study are very effective against both gram negative and
gram positive bacteria as tested against E. coli and S. aureus, where the
effectiveness is slightly better in the former case. The pressed and sin-
tered Ti-Nb-Cu alloys are also not cytotoxic, even though the cell
viability results clearly indicate that cells need time to adapt to the
exposure to the alloys and, especially in the early stages, there is a clear
effect from their chemistry as it determines the microstructural features
that comes into contact with the cells.
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