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Titanium-Niobium (Ti-xNb) Alloys with High Nb Amounts for Applications in Biomaterials
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The present study produced binary titanium-niobium alloys Ti-xNb with high niobium percentage
(x =50, 80 e 90 wt.%) aiming to apply it as a base material in osseous implant devices. The produced
TiNb alloys presented a cubic crystalline phase, lower corrosion rate than titanium, lower elastic
modulus values, and superior cellular viability than titanium and niobium. The TiSONb alloy among
all analyzed metallic substrates showed the best values of elastic modulus, corrosion properties,
wettability, and cellular viability. Thus, this work suggests a Ti/Nb ratio close to 1 (Ti50ND) displays

optimum characteristics to apply in orthopedic devices.
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1. Introduction

Metallic materials have been widely used as orthopedic
and dental implants for decades, as they generally have more
suitable mechanical properties to resist medium and long
periods of usage'. However, the human body is a chemically
aggressive environment and sensitive to the toxicity of most
metal ions®*. Thus, the variety of metals that can be used as
implants is very restricted. Further, another problem to be
solved is the lack of adequate mechanical stimulation around
the implanted material, which can result in local bone loss®.
To avoid compromising the mechanical stability caused
by loss of bone mass, the material used must have elastic
modulus (E) closer to the value of bone tissue (< 40 GPa)®.

Commercially pure titanium cp-Ti is a low density,
biocompatible, and corrosion-resistant metal; however,
its mechanical properties limit its application®’. Typically,
cp-Ti is used for non-load-bearing usages such as dental,
maxillofacial, and craniofacial implants, screws, and staples
for surgeries®. Pure Nb is biocompatible, has excellent
corrosion resistance, and elastic modulus considerably
lower than Ti*¢. However, Nb is not used as implants, but
as a substitutional element in Ti alloys.

Ti alloys can be classified according to their microstructure
as a, super o, o-f, and B*. The a and super o alloys do not
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present significant advantages over Ti-cp. a-3 alloys, such
as Ti-6Al-4V, have better mechanical properties (fatigue and
ultimate tensile strength) compared to Ti-cp and can be used
in load-bearing applications such as femoral stem prosthesis?.
However, the a-f alloys have poor bending ductility, which
can cause a premature failure at the neck of the femoral stem,
and the use of vanadium (V) and aluminum (Al) has been
questioned due to its possible toxicity?. B -Ti alloys have
advantages such as low elastic modulus, good corrosion
resistance, better bending ductility, and biocompatibility
compared to Ti-6Al-4V and other o -  alloys. The B alloys
are designed to be free of vanadium V, composed of non-toxic
elements like Nb and tantalum Ta>*. In B Ti alloys, Nb acts
as a strong  stabilizer. Ti alloys can become completely B at
room temperature by adding a percentage above 25% atomic
(40% wt.) of Nb°.

Binary Ti-xNb alloys (x% wt.) are being studied for
application in biomaterials. Ti-xNb alloys (x = 5-25%, and
45% wt.) presented better mechanical properties and similar
biocompatibility compared to Ti-cp'®!". Ti-xNb alloys (x =45 and
50% wt.) showed higher hardness and considerably lower
elastic modulus than Ti-cp and Ti-6Al1-4V'2, It has been
shown that the ultimate tensile strength, hardness, yield
strength, hydrophilicity, corrosion resistance increase with
increasing Nb percentage'®!3:14,
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Despite the mechanical and biological characteristics
showing improvement with increasing the amount of Nb
in Ti-xNb binary alloy, there are practically no studies with
percentages higher than 50% wt. of Nb. The main reasons,
according to the literature, are that Nb is a rare metal with a
high melting point, which would make the alloy production
process expensive'®!1°, However, Nb production is high due
to Brazilian deposits that extract more than 90% of Nb’s total
world production. Brazil produced 8x10* Ton/year (2015-2018)
of Nb, and in 2019 the production reached 11x10* Ton'".
Comparatively, the world production of vanadium V was
7.3%10* Ton in 20198, That is, currently, Nb is not a rare
metal. Thus, the present study aimed to produce Ti-xNb
alloys with high Nb percentages (x=50, 80, 90% wt.) and
to evaluate the mechanical properties, corrosion resistance,
and cell viability for application in biomedical implants.

2. Materials and Methods

2.1 Production of Ti-xNb alloys (x = 50%, 80%,
and 90% wt.)

The materials used to produce the alloys were commercially
pure titanium grade 2, with 99.7% purity, and niobium with
99.8% purity. The metal masses were measured by an analytical
scale to obtain the alloys with 50%, 80%, and 90% weight
of Nb. Ti-Nb alloys were melted in an arc-furnace, with a
water-cooled copper crucible, non-consumable tungsten
electrode, and a controlled argon atmosphere. The raw
materials, Ti and Nb, were melted 5 times to ensure good
homogeneity. The melting procedure was carried out in a
vacuum of 10 mBar to remove impurities from the atmosphere.
After melting, a homogenization heat treatment was carried
out to relieve the residual internal stresses from the fusion.
The alloys were heat-treated in an ultra-high vacuum for
24 hours at 1000°C.

2.2 Surface preparation

The Ti-xNb ingots (x = 50%, 80% and 90%) were cut
by Wire EDM (electrical discharge machining), followed by
polishing sequentially with 220, 320, 360, 600, 1000, 1200,
and 2000 (grit size) sandpaper. The metals and binary alloys
were then polished with colloidal silica solution diluted in
hydrogen peroxide (15% vol. H,0,). cp-Ti and pure Nb plates
were also used to compare the Ti-xNb alloy’s performance and
were prepared using the same surface preparation procedure
applied to the alloys. The alloys were named Nb50 (Ti50Nb),
Nb80 (Ti80Nb), and Nb90 (Ti90Nb).

All specimens were cleaned in propanone, ethanol, and
distilled water, for 15 min in each solvent in an ultrasonic
bath. Then, the specimens were inserted in a dryer for 24 h
at a constant temperature of 40 °C.

2.3 Samples characterization

Samples were analyzed by scanning electron microscopy
(Vega3, Tescan) using a magnification of 1 kX. The chemical
compositions were evaluated by energy-dispersive X-ray
spectroscopy (x-act, Oxford) applying energy of 15 keV.
For each alloy surface, a map with a chemical composition
was generated.
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The alloy crystalline phases were identified by the X-ray
diffraction technique XRD applying the Bragg-Brentano
geometry. The tests were performed in the 15° <0 <90° angle
range with Cu-Koa radiation. The XRD equipment used was
a Shimadzu-XRD7000 with a monochromator coupled.

To reveal the Ti-xNb alloys’ microstructures, the alloy
surfaces were etched with an acid solution composed of HF,
HCI, HNO,, and distilled water (following the proportions of
the reference'®). After that, the microstructure images were
obtained by optical microscopy. The grain boundaries were
highlighted by image software.

The mechanical properties were measured using a
nanoindenter ZHN (Zwick-Roell). It was made 49 indentations
per specimen with a Berkovich tip. The tests were performed
using the QCSM (Quasi Continuous Stiffness Measurement)
and the maximum force for all indentations was 500 mN.

The wettability measurements were made using a
goniometer (FTA 1000 Analyzer System, First Ten Angstroms
Inc., USA). For each measurement, the water drop of 1 pl
remained lied on the surface for 40 s and, after that, the
angle between the water drop and the metallic surfaces was
collected and measured by the equipment.

The surface roughness of the specimens was measured
using an Olympus confocal laser microscope LEXT OLS
4000. The OLS 4000 software was used to obtain images
and, consequently, the parameters of roughness. Roughness
parameters 3D and 2D (dimensions) of each specimen were
designated by the letters S and R, respectively. The size of
the evaluated areas was 258 x 258 pm?,

The experimental corrosion setup was composed of an
Ivium Technologies potentiostat, three electrodes (platinum
electrode, the metallic specimen, and a saturated calomel
electrode) soaked in 150 ml of PBS (phosphate buffer solution)
contained in an acrylic electrolytic cell. The corrosion test
was carried out through the potentiodynamic polarization
technique applying a potential difference range of -1.5 V to
2.5V for 1 hour at 25° C.

The viability of the MC3T3 osteoblast cell lines was
analyzed by MTT assay. The MC3T3 cells were cultured
in Alpha minimum essential medium, supplemented with
10% FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin.
The cells were cultured at 37°C in a humidified atmosphere
of 5% CO,.

The titanium was placed in 24-well culture plates
and the osteoblast cells were seeded at a concentration of
50.000 cells/well in three replicates and incubated for 48h.
After this period, the medium was replaced with fresh medium
and 50 pL of a solution of MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) (Sigma-Aldrich®) (5 mg/mL)
was added to each well, and the plates were incubated for
3 hat37°C. Next, 200 pL (each well) of the medium with
MTT was removed from the 24-well plates and replaced with
96-well plates, and finally, cell viability was quantified by
the detection of absorbance (550 nm) in a microplate reader
(BioTek Synergy HT).

3. Results

Table 1 displays the percentage of the alloy by atomic
weight also obtained from the EDS technique. In this analysis,
the natural layer’s oxygen element covering the alloys and the
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Table 1. Percentage by weight of the chemical elements obtained by EDS, density, and roughness of alloys and polished metals.

Theoretical density  Measured density

Roughness Sa  Roughness Ra

T o, 3 (9,
Specimen Nb (%) Ti (%) (g.cm?) (g.cm?) (um) (um)
Nb50 49.5+0.3 50.5+0.3 6.507 6.5+0.6 0.030+0.005  0.014 +0.002
Nb80 80.9+0.2 19.1+0.2 7.707 7.8+04 0.06 +0.01 0.005 £ 0.01
Nb90 89.8+0.2 10.4+£0.2 8.107 82+04 0.041 +£0.007 0.03+0.01
Nb 100 0 8.570 0.018 +£0.008  0.008 + 0.0005
Ti 0 100 4.507 0.05+0.01 0.02+0.01
increasing the niobium percentage. As for the corrosion
44 ¢1a current i (and consequently, the current density J_ ) it
increases with increasing the amount of niobium. However,
L (200) @11 @20} s the Nb90 showed a higher i than the Nb. Titanium, on the
31 i other hand, presented the highest corrosion current among
= all analyzed substrates.
E;L , | ) s As for the polarization resistance, Nb90 presented the
3 i lowest value among all substrates, Ti showed the highest
£ value among metals, and Nb80 displayed the highest value
- . ) A - among all analyzed substrates. Polarization resistance R is
inversely proportional to i . However, the values also are
dependent onthe b, and b_ constants'®, as shown in Equation 1.
o4 Niobium . ba 'bc I\
1 20 30 40 5 6 7 80 90 feor = 2.303(b, +b. ) R, )

angle (20)

Figure 1. X-ray diffraction spectra of the polished specimens of
niobium, Nb50, Nb80, and Nb90 alloys.

silicon remnants from the polishing process were subtracted
from the average. The polishing process was carried out until
the surfaces was mirrored, which produced surfaces with
very low roughness - nanometric range.

Figure 1 shows the diffractogram of the Nb and the
alloys related to this study. All alloys presented only the
B phase. The peaks in the spectrum are related to niobium
(body-centered cubic) and B-Ti.

The microstructure of the alloys were observed by optical
microscopy (Figure 2) after successive polishing and acid
etching with the Kroll solution. All alloys presented grains
boundary with equiaxial characteristics. The Nb50 alloy
has larger grains, while there are no significant differences
between the Nb80 and Nb90 alloys.

The polished and cleaned specimens were subjected to
mechanical tests through the nanoindentation technique.
Figure 3 shows the elastic modulus (E) and the hardness (H)
of'the studied substrates for a depth of 3 pm. Comparatively,
the samples of pure niobium Nb and the alloys with 80 and
90% niobium did not present significant differences regarding
E and H. The Nb, Nb90, Nb80, and Nb50 displayed elastic
modulus equal to 99 GPa, 98 GPa, 97 GPa, 79 GPa, and
hardness equal to 1.9 GPa, 1.8 GPa, 1.9 GPa, and 2.16 GPa,
respectively, at the measured depth of 3 um. When compared
to commercially pure Ti grade 2, the elastic modulus of Nb
and alloys showed considerably lower values of E.

Table 2 shows the electrochemical parameters of the Ti,
Nb, and alloys obtained by analyzing the potentiodynamic
polarization curves alloys from Figure 4. The electrical
potential of corrosion showed to be nobler (greater),

To calculate the corrosion rate C,, the specific mass p,
current density J_and the equivalent weight (EW) were
used (to calculate EW see the references'®?). These values
were applied to Equation 2 to find the C,.

Joor - EW
N @)
Where the constant K = 3.27 mm-g- A-cm™-yr .

The Nb50 alloy showed the lowest corrosion rate,
followed by Nb80. The Nb presented the best value among
the metals, while the Ti presented the highest corrosion rate
per year among all analyzed materials.

Figure 4 shows the potentiodynamic polarization
curves of Ti-xNb, niobium, and titanium alloys in PBS
(Phosphate-buffered saline) solution. In this experiment,
the electrical potential difference between the sample and
the reference electrode varied from -1.5 V to 2.5 V. As an
answer to the electrical potential difference, a current of
electric charge carriers (ions and electrons) passes through
the experimental system and it is measured and presented
on a logarithmic scale.

All curves presented corrosive characteristics with
similar curves. The region between the horizontal dashed
lines shows a “bending” (-0.06 V to 0.08 V) in the curves
that indicate the passive layer formation on the metallic
substrate. After “bending” in the curves, a plateau appears
(little variation in current density) characteristic after the
formation of the protective oxide layer. This layer hinders
the passage of current and when it is damaged, a sudden
increase in current is observed. In Figure 4 it is indicated by
arrows and by values of the corresponding electrical potentials
that have broken the passive film. Among the specimens,
the alloys Nb80 and Nb50 did not show signs of rupture of
the protective film at the analyzed electric potential range.
However, the Nb90, Nb, and Ti presented for 1.18 V, 1.61 V,
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Figure 2. The microstructure of the polished alloys (Nb50, Nb80, and Nb90) and subsequently acid-etched with Kroll solution. The images
were obtained by optical microscopy with the grain boundaries lines highlighted by image software.
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Figure 3. Elastic moduli (a) and hardness (b) of polished samples of Nb, Ti

penetration depth of 3um.

and Nb50, Nb80, and Nb90 alloys at an approximate

Table 2. Electrochemical parameters obtained by the polarization curves in Figure 4.

Electrochemical parameters Ti Nb50 Nb80 Nb9o0 Nb
E, V) -0.6125 -0.5965 -0.5715 -0.4984 -0.4585

i, (10°A) 5.59 2.00 2.19 4.97 3.38

J,. (10° A.cm?) 4.94 1.77 1.94 4.39 2.99

Polarization resistance (10° Q) 1.53 1.46 1.64 0.869 1.20
b, (V/decade) 0.744 0.163 0.283 0.210 0.218
b_(V/decade) 0.266 0.114 0.117 0.189 0.164

Equivalent weight EW 11.98 14.56 16.73 17.61 18.58

Corrosion rate (102 mm/ano) 4.30 1.30 1.37 3.12 2.12
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and 1.91 V, respectively. Another observable point is that
less current flows through the alloys Nb80 and Nb50 (their
plateaus are localized more to the left side).

The polished surfaces of Nb, Ti, and the alloys were
subjected to tests of wettability, cell viability with MTT
as shown in Figure 5. The smallest angle found (more
hydrophilic surface) was for the Nb50 alloy, followed by
Nb80, Ti, Nb90, and Nb. For the cell adhesion test, the test
performance was normalized from Ti (Ti = 100%), as it is
the most studied by the scientific community among the
substrates in this work.

The 50Nb alloy presented an average performance of 25%
higher than Ti. Nb80 and Nb90 showed an improvement of
16% and 4%, respectively. At the same time, Nb performed
slightly below (-3%). The number of cells attached presented
a direct relation to the surface hydrophilicity. Regarding
roughness, no relation was detected between surface roughness
and density of adhered cells or wettability.

Nb
24— Eggg Ti191Vv
NBSO 161V
—Ti Nb90
g 1 - 1.18V
8
k<
2
(o]
= } 0.08v
0 Z -0.06V
14
-10 -8 -6 -4

Log |J] (A.cm™)

Figure 4. Potentiodynamic polarization curves of Nb 90, Nb 80,
Nb50, titanium, and niobium.

4. Discussion

The process of alloys production was carried out successfully,
as the component elements are well distributed following
the proportions previously projected, and the specific mass
of the alloys are close to the calculated theoretical values.

X-ray diffraction showed only the presence of peaks
referring to niobium and the § phase of Ti, compared with the
patterns #34-370 (Nb) and #44-1288 (B-Ti) of the database
PDF2. It is noteworthy that the position, concerning the
x-axis, the peaks of Nb and B-Ti do overlap, that is, it is
not possible to distinguish them in this way. In this study,
several X-ray diffraction measurements were performed,
where three specimens of each alloy/metal were used, which
were also rotated in 180 degrees. It was observed that the
diffraction patterns almost not changed. The revealed grains
of the alloys Nb90, Nb80, and Nb50 are of the equiaxial
type, which is a typical feature of the complete formation
of the beta phase'4, which is according to the XRD spectra.

For application in biomaterials, the material which will be
in contact with bone tissue should have an elastic modulus E
closer to the E of the bone tissue (<40GPa) to avoid the stress
shielding effect and high hardness to guarantee its integrity
after mechanical stresses®. In this regard, the substrate that
comes closest to the desired mechanical qualities was the
Nb50. The Nb50 showed an elastic modulus of 79 GPa and
hardness of 2.16 GPa. The Nb80 (97GPa) and Nb90 (98GPa)
alloys showed E values slightly lower than the Nb (99GPa).
The values of E for Nb and alloys are considerably lower
than the E of the Ti (114GPa) and o + 3 Ti alloys (~120GPa),
which are widely used as materials in implants'®.

The range of electric potential difference E concerning the
reference electrode was sufficient because the characteristic
curves were formed. Besides, the human body does not
typically exceed the Eof 2.5 V2, which is following
the purpose of this study. Regarding the performance of
substrates, materials with a corrosion rate lower than 0.1 mm
per year are considered resistant to corrosion and can be used
without restriction®'. That is, in the PBS solution at room
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Figure 5. Contact angle of the water drops deposited on the specimens (a) and their respective cell viability (b).
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temperature, all substrates demonstrated excellent corrosion
resistance, and the Nb80 and Nb50 alloys presented the
lowest corrosion rates.

With the increase in electrical potential concerning the
reference electrode, the anodizing process begins, increasing
the protective oxide layer. The most efficient layers are those
that show no signs of breaking and allow less current to flow
through. The Nb8&0 alloy followed by the Nb50 showed the
most efficient protective oxide layers as they did not show
signs of breaking (current increase) and lower current flow
among all analyzed substrates.

The corrosion potential increases with the amount of
Nb in the analyzed substrates, which can be seen by the
lateral peaks in Figure 4 and Table 2. It was also observed
for Kaseen and Choe for alloys with lower amounts of Nb.
In that same study, it was evaluated that the corrosion rate of
the Ti-xNb alloys (x=10%, 30%, and 50% wt.) improve with
the increasing percentage of Nb'. In the case of our study,
the corrosion rate improves (decreases) with the decrease
of the Nb percentage. That is, there is a tendency for ratios
of Ti / Nb (weight) close to 1 to show better anti-corrosion
performances in the conditions of this experiment.

As for the wettability test, there were no significant
differences in the measured contact angles with water on all
surfaces, and all surfaces may be classified as hydrophilic
(contact angle < 90%?. In Ti-xNb alloys (5, 10, 20, 25),
Zhang noted that the greater the amount of Nb, the more
hydrophilic was the surface!’. However, we found an inverse
relation, the less Nb in the alloys the more hydrophilic the
surface. It suggests that Ti-xNb alloys with a Ti / Nb (wt.)
ratio close to 1 tend to present more hydrophilic surfaces.

The surface hydrophilicity is considered one of the main
factors that improve cell adhesion®?*. Even though there were
no significant differences of hydrophilicity on the alloys, Nb,
and Ti, it caused variations in the number of bone cells per
unit area adhered to the surfaces. Summing up, increasing
the surface hydrophilicity there were improvements in the
cell viability. Among all substrates, the Nb50 and Nb80
presented cell-test performance 25% and 16% superior to
the Ti, respectively.

Besides the wettability, roughness can also influence cell
adhesion?. The specimens were polished up to mirroring
and presented nanometric roughness. The surfaces displayed
variations on the roughness. However, any influence was
detected on cell-test performance.

5. Conclusion

Titanium-Niobium binary alloys were produced in the Nb
proportions of 50% (Nb50), 80% (Nb80), and 90% (Nb90)
by weight for application in the field of orthopedic and
orthodontic implants. The binary alloys were compared with
the pure metals of the alloy (Nb and Ti) and the results were:

*  XRD spectra showed only the cubic crystalline

phase formation for all alloys.

*  Allalloys and Nb presented better values of elastic

modulus for use in implants when compared to Ti.
Among the Ti alloys, the Nb50 demonstrated the best
value of elastic modulus and the highest hardness.

« All alloys and Nb showed lower corrosion rates

than Ti in PBS solution. The Nb50 and Nb80 alloys

Materials Research

showed the lowest corrosion rates and more efficient
protective oxide layers.

*  The number of cells attached presented a direct
relation to the surface hydrophilicity. Regarding
roughness, no relation was detected between surface
roughness and density of adhered cells or wettability.

Comparing the results of this work with studies of binary

alloys with lower percentages of Nb (Nb < 50%) in literature,
it is possible to conclude that ratios by weight of Ti/Nb ~ 1
tend to present optimal characteristics for application in
osseous implants.
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