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Abstract: This study presents the influence of different contents of tantalum alloying elements on the
mechanical and electrochemical properties of TixTa9Nb8Zr2Ag alloys and their corrosion resistance in
a 3% NaCl solution. These alloys exhibit a structure with more than 80% of the beta phase, a Young’s
modulus between 82 and 55 GPa close to human bone, and good corrosion resistance, with a corrosion
rate between 5 and 47 µm y−1. Furthermore, the excellent corrosion behavior of the TixTa9Nb8Zr2Ag
alloy with 10 and 15% tantalum content is highlighted, revealed by a nobler corrosion potential, low
corrosion rate, and a high passivation tendency in a 3% NaCl solution. The results reported in this
work allow us to consider that titanium alloys TixTa9Nb8Zr2Ag with 10–20% Ta could be a valid
alternative for use in orthopedic surgery, and the level of tantalum can be customized depending on
the nature of the treated bone and the complexity and difficulty of the implant machining, i.e., of the
required optimum hardness.

Keywords: titanium alloy; biomaterials; corrosion; mechanical properties

1. Introduction

The use of metallic materials for surgical devices demands the fulfillment of biocom-
patibility requirements [1] next to that of corrosion resistance and bioadaptability. The
corrosion resistance of metallic materials depends on their thermo-mechanical history but
also on the aggressiveness of the contact environment. In the last years, a series of stainless
steels [2], titanium-based alloys [3,4], and cobalt-based alloys [5] have been developed
with very good corrosion resistance in biological environments. However, a good ma-
terial for implantology applications must meet all requirements, and bioadaptability is
an essential criterion with significant implications on the healing time and functionality
of a surgical implant. Thus, the reduction in post-operative stress is an intense concern
for doctors and a requirement addressed to researchers in the field of materials, to find
formulas and combinations of elements to obtain new alloys, which best meet the criteria
of materials used in implantology. It is well known that post-operative stress is generated
by the different responses to taking over the mechanical loads at the interface between
the implantable device and the bone, which leads to the appearance of the phenomenon
of bone resorption. The high density of metallic materials, but also the incompatibility of
mechanical properties, compared to those of human bone, are responsible for this unwanted
effect. The high value of the Young modulus of various materials such as 190–210 GPa
for stainless steels [6], 220 GPa for Co-Cr alloys [6], and 90–110 for titanium and its al-
loys [6,7], compared to that of human bone (10–40 GPa depending on the nature of the
bone and the state of health [8,9]) has the effect of taking over the loads by the implant,
protecting the bone and causing bone resorption [10,11]. It is recognized that titanium and
its alloys have high biocompatibility for medical applications, and the Ti6Al4V alloy with
a biphasic structure (α + β) and an elastic modulus value of about 110 GPa are widely
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used [12], although Al and V have proven to be toxic to the human body. This aspect
determines their replacement with non-toxic beta-stabilizer elements such as Mo, Nb, and
Ta [13,14], aiming to obtain a structure with a low content of the alpha phase for a low Young
modulus simultaneously. Thus, special attention is given to a new range of alloys in the
titanium–niobium–tantalum–zirconium alloy system (TNTZ), with good mechanical prop-
erties, a low modulus of elasticity, high corrosion resistance, and good biocompatibil-
ity [14–17]. Moreover, the extensive mechanical properties of these alloys are still to be
enhanced in clinical practice. Accordingly, the design concept of these alloys can be used to
obtain biomedical alloys with excellent appropriate properties to meet demand.

In addition, another property of tantalum that decides the presence of this element
in the titanium–niobium–tantalum–zirconium alloy system is its low magnetic suscepti-
bility, leading to a high quality of images and fewer distortion in post-operative magnetic
resonance imaging [10]. In this regard, special attention is paid to a new range of alloys
from the titanium–niobium–tantalum–zirconium (TNTZ) system with good mechanical
properties, a low modulus of elasticity, high corrosion resistance, and good biocompatibility.
In this vein, four alloys with a 10Nb 8Zr 2Ag Ti base were designed with a tantalum content
between 10 and 20%, and after the morpho structural characterization, the influence of the
Ta content on the electrochemical properties was investigated in the very severe conditions
of 3% NaCl, the temperature of 37 ◦C, and 168 h of immersion in order to identify the alloy
with the modulus of elasticity as close as possible to that of human bone (40 GPa) and
maximum resistance to corrosion. Many research studies focused on a series of synthetic
biofluids used in the field [18–20], but this paper presents the results in the most aggressive
environment to test the limits of the material from this point of view.

2. Materials and Methods

The alloys were obtained in a vacuum arc melting furnace (VAR) ABD MRF 900 in the
form of ingots with a diameter of 10 mm and a length of 150 mm with chemical compositions
according to Table 1. The chemical composition of the experimental alloys was determined
by energy-dispersive X-ray spectroscopy (EDS, FEI, Eindhoven, The Netherlands). It should
be noted that during the EDS analysis, the only elements considered were those of interest,
mainly Ti, Nb, Zr, Ta, and Ag. EDS analysis was performed on 5 random regions for each
sample, and the average values and standard deviations are presented in Table 1.

Table 1. The chemical composition (% wt. and standard error) of experimental ingots.

Specimen % Nb % Zr % Ag % Ta % Ti

A0 9.22 ± 0.41 8.28 ± 0.19 1.86 ± 0.16 0.0 Balance
A10 10.26 ± 0.68 7.95 ± 0.28 1.97 ± 0.09 8.94 ± 0.36 Balance
A15 9.23 ± 0.25 7.80 ± 0.12 1.87 ± 0.09 15.57 ± 0.60 Balance
A20 9.01 ± 0.16 7.88 ± 0.17 1.92 ± 0.08 20.02 ± 0.64 Balance

2.1. Morphology and Structural Analysis

Morphology and structural analysis was carried out by scanning electron microscopy
(SEM) using the FEI Inspect F50 electron microscope (FEI Company, Eindhoven, The Nether-
lands), and phase analysis was performed with X-ray diffraction (XRD) using an X’PERT-
PRO PANalytic diffractometer (Malvern Panalytical Ltd., Malvern, UK) (Kα1 = 1.5405980 Å)
with Cu-Kα radiation at 45 kV, 4 mA, and a scan range starting from 10◦ to 90◦.

2.2. The Young’s Modulus

To measure the Young modulus, tensile tests were performed using a Walter + Bai
LFV300 universal testing machine, according to [21], and the Vickers hardness was deter-
mined with a Shimadzu HMV 2TE hardness tester (Shimadzu Corporation, Kyoto, Japan)
using a load of 1.961 N with a holding time of 15 s, according to the [22].
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2.3. The Electrochemical Characterization

The electrochemical characterization was carried out by the method of immersion in a
3% NaCl solution at a temperature of 37.5 ◦C through the following techniques: monitoring
the stationary potential for 168 h, the Tafel slopes method for determining corrosion rates,
and electrochemical impedance spectroscopy (EIS). The stationary potential, corresponding
to the steady state established at the interface between the alloy surface and the NaCl
solution was monitored for 168 h, and, after that, the Tafel plots were recorded in the
potential range from −0.25 V to + 0.25 V vs. OCP with a scan rate of 2.5 mV s−1. EIS
measurements were carried out potentiostatically, at the OCP, with an AC amplitude of
10 mV over the frequency range of 100 kHz to 0.01 Hz, after 168 h of exposure in 3%
NaCl solution. EChemAnalyst (Gamry Instruments Inc., Warminster, PA, USA) and ZView
specialized software (ZView 3.3, Scribner Associates, Inc., Souther Pines, NC, USA) were
used to estimate the electrochemical parameters (Ecor, icor, rcor) and to analyze EIS data.

A Reference 600 Gamry potentiostat/galvanostat (Gamry Instruments Inc., Warmin-
ster, PA, USA) with a classic electrochemical cell with three electrodes—a working electrode
with a surface of 2 cm2, a platinum counter electrode with a surface of 6 cm2, and as a refer-
ence electrode, a Ag/AgCl 3M electrode—was used for all electrochemical measurements.
Before the electrochemical tests, the active surfaces of the samples (2 cm2) were processed
by mechanical grinding, in stages, until metallographic quality; then, they were cleaned in
an ultrasonic field with a degreasing solution, followed by ethanol and double-distilled
water washing. The electrical contacts were made of titanium wire and insulated with insu-
lating varnish and Teflon tape like the inactive surfaces. In order to prove reproducibility
of the measurements, three specimens for each type of alloy were tested.

3. Results and Discussions
3.1. Microstructure and Morphology Analysis

Figures 1 and 2 show the SEM aspects of the microstructures of the analyzed samples.
All the samples have specific structures for titanium alloys in the cast state; from a morpho-
logical point of view, they are lamellar biphasic, α + β, the proportion of the two phases
changing depending on the tantalum content in the alloy. It can be observed that the
reference alloy, without tantalum (A0), consists of a mixture of relatively balanced α and β

solid solutions (Figure 1a) with α lamellae of considerable thickness. When adding a 9%
amount of tantalum, the morphology does not change significantly (Figure 1b sample A10)
with the mention that, as the concentration of Ta increases, the thickness of the α lamellae
tends to decrease. At a content of 15% Ta, (A15), the morphology changes drastically, the
microstructure consists mainly of a beta-solid solution with colonies of thin alpha lamellae
mostly grouped at the grain boundaries, as seen in Figure 2a. The structure of the A20
alloy, with 20% Ta, is like A15, the proportion of the α phase decreases, the alloy has a
predominantly β structure, over 90% [23], and the α phase is organized mainly in the form
of rosettes, which induces changes in the mechanical and electrochemical behavior of alloys
(Figure 2b).

The evolution of the alloy structure from biphasic α + β (A0) to the majority β structure
(A20) is also highlighted by the XRD analysis (Figure 4), by the decrease in the intensity of
signals specific to the α phase until the disappearance of some of them.

The XRD patterns were compared to reference cards JCPDS No: 44-1294 for α Titanium
(P63/mmc) and 44-1288 for β Titanium (Im3 m). The experimental peaks were slightly
shifted to the left with respect to the ones from the reference cards, suggesting that the
lattice parameter has changed by the dissolution of the alloying elements in titanium.
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Figure 1. Scanning electron micrographs of the experimental alloys: (a) A0; (b) A10.

Figure 2. Scanning electron micrographs of the experimental alloys: (a) A15; (b) A20.

It should be noted that in all cases, the distribution of the phases is relatively disor-
dered, and random, with an insular organization largely like Widmannstätten-type struc-
tures similar to those reported by [23,24] for cast titanium alloys (Figure 3 low-magnification
overview of sample A10).

Figure 3. Microstructure of sample A10 at small magnification.
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The specific peaks for the β phase are difficult to identify because of the overlapping
of α-(002)/β-(110), α-(102)/β-(200), α-(103)/β-(211), and α-(004)/β-(220). In the current
configuration of the experimental setup, a quantitative determination is impossible, and
because of this aspect, the Rietveld analysis failed to converge or provided erroneous results.

Figure 4. XRD patterns of experimental titanium alloys.

An interesting aspect that could indicate the increase in the β phase proportion with
tantalum content resides in the intensity increase for the peak for β-(211) positioned at
around 69.95◦: as tantalum content increases, so does its intensity, as can be observed
in Figure 4. A similar behavior is observed for the peaks present at around 53.03◦ that
correspond to α-(102), they are in the proximity of those for β-(200), and a combined
effect can be noticed as well. Regarding the mechanical behavior of the beta titanium
alloys studied, the Vickers hardness and the modulus of elasticity were of interest for
this study. To measure the Vickers hardness, cylindrical samples were used, according to
ISO 6507-1 [22]. The measurements were performed at five points on each sample, and
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the obtained values were averaged. Figure 5 shows the dependence of the mean Vickers
hardness on the tantalum concentration in the alloy.

Figure 5. Vickers hardness dependence on tantalum concentration in alloys.

As the tantalum concentration increases from zero to 15% Ta, a slight increase in
Vickers hardness can be observed, in the range of 230–240 Vickers units, followed by a
sudden increase in hardness up to 290 units when concentration is 20% by the weight of Ta.

The evaluation of the elasticity moduli of the alloys was based on the results obtained
during the tensile tests and presented in Supplementary Materials (Figure S1 and Table S1).
The results highlighted that the modulus of elasticity decreases with increasing tantalum
content from 100 GPa for alloy A0 to 82 GPa for A10 and 55 GPa for the A20 alloy, which is
in full correlation with the evolution of the microstructure from a balanced biphasic beta
to a monophasic around 90% β phase [13]. The obtained values are in good agreement
with those reported in the specialized literature for the alloys with a much higher content
of niobium (35%) [25,26]. These findings are a plus of this research, the elaboration of an
alloy with a modulus of elasticity close to that of human bone and with a lower content of
niobium, considering the scientific controversies surrounding this alloying element.

3.2. Electrochemical Behavior of Alloys

The electrochemical behavior of the experimentally developed alloys, in a 3% NaCl so-
lution, was studied by monitoring the stationary potential (OCP) for 168 h at a temperature
of 37.5 ◦C, i.e., in a steady state without external polarization, completed with electrochem-
ical impedance measurements (EIS) at the OCP. Corrosion rates were determined by the
Tafel slope method in a potential range of ± 250 mV around the corrosion potential. The
time evolution of the OCP in the 3% NaCl solution is presented in Figure 6, from which it
can be seen that all alloys initially have negative values of the OCP that move slowly, with
less than 2 mV/h, toward positive values, which indicates the tendency of passivation in
the presence of water. All alloys with tantalum content (A10, A15, A20 samples) have more
negative values (with about 150 mV) compared to the alloy without tantalum A0, and this
tendency is maintained throughout immersion.
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Figure 6. Time evolution of the OCP of the experimental alloys immersed in 3% NaCl solution at
a temperature of 37.5 ◦C for 168 h.

As Figure 6 illustrates, a similar behavior is observed for the A10 and A15 samples,
with a tendency to reach a steady state after 168 h, while the A0 and A20 samples show
a different response. After 70 h of immersion, for the alloys with 15% and 20% Ta, the
stationary potential values are practically identical in spite of dissimilar behavior suggesting
that on the A20 sample, the surface of the passive film is an active state. According to
literature report [8], this action is due to the preferential adsorption of Cl− ions on the
passive film grown on the surface during immersion. At the end of the period of immersion,
only the alloy with 10% Ta (A10) seems to have reached the steady state; all the others show
a relatively monotonously increasing variation, which may mean a consolidation of the
passive state of the surface.

Microscopic analysis of the surface after 168 h of immersion in the 3% NaCl solution
did not reveal any localized corrosion, unlike other types of titanium alloys, for example,
TiNi which, according to [27], in a 0.9% NaCl solution at 25 ◦C showed the tendency of
depassivation and pitting corrosion, one of the most common forms of corrosion that
appear on orthodontic materials [28]. On the other hand, all the potentials have more
electropositive values compared to those of other alloys based on titanium TiNi, Ti6Al4V,
or even titanium CP [29]. This behavior can be attributed to the spontaneous passivation
in the air of the alloys but also to the contribution of silver, the potential of the standard
Ag electrode being known to be very electropositive (EAg0 = +0.799 V) according to [30].
Regarding the electrochemical parameters extracted from the Tafel curves (Figure 7) sys-
tematized in Table 2, it is observed that after 168 h of immersion in the 3% NaCl solution,
the equilibrium potentials of all the alloys are much more electropositive than the corrosion
potentials, which means that the alloys are spontaneously in a state of passivity.

Table 2. Electrochemical parameters after 168 h of immersion in 3% NaCl solution and artificial saliva
at temperature of 37.5 ◦C (Tafel curves).

Specimen
3% NaCl Artificial Saliva

Ecorr, mV icor,
µA cm−2 rcor, µm y−1 Eoc, mV Ecorr, mV icor,

µA cm−2 rcor, µm y−1 Eoc,
mV

A0 14.3 0.027 0.9 135 11.5 0.011 0.41 −10.5
A10 −69.8 0.13 5 57 0.002 0.09 4.6 0.002
A15 −90.3 0.5 18 −12 0.008 0.15 17.2 0.008
A20 −72.8 1.1 47 −10 0.011 42.25 34 0.011
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Figure 7. Tafel curves of tested alloys after 168 h of exposure in 3% NaCl solution at temperature of
37.5 ◦C.

Also, it can be observed that the addition of Ta moves the corrosion potential toward
more electronegative values, a fact reported by other authors [31]. Regarding the corrosion
rates in the NaCl environment with increased aggressiveness and due to the temperature
of 37.5 ◦C, they increase as the tantalum content in the alloy increases but remain at lower
values than those reported by [31] for the alloys commonly used in orthopedic surgery,
Ti6Al4V. Thus, SK Yen [32] reported corrosion current densities greater than 45.93 µA cm−2

in a 0.6 M NaCl solution at room temperature, while the A 20 alloy with the smallest
modulus of elasticity showed icor = 1.1 µA cm−2 at a temperature of 37.5 ◦C. The superior
corrosion behavior of these alloys can also be attributed to the beneficial influence of silver,
explained in the literature also by catalyzing the oxygen reduction reaction and favoring
passivation [33]. Concerning the corrosion rates, although they increase with the increase
in the concentration of tantalum in the alloy, they remain at relatively low values between
5 µm y−1 and 47 µm y−1. Moreover, the preliminary research carried out on these materials
in artificial saliva highlights a relatively similar influence of tantalum on the electrochemical
parameters (Table 2).

The electrochemical behavior of the alloys discussed above was also confirmed by the
EIS tests whose response is presented in the form of Nyquist and Bode curves (Figure 8).
Figure 8a corresponding to Nyquist plots discloses the decrease in polarization resistance
with the increase in tantalum content in the alloy, simultaneously with the increase in
resistive behavior. Samples A0, A10, and A15 showed similar behavior, while for the A20
sample, a significant difference is evidenced (Figure 8a inset). However, it is important to no-
tice that the A0, A10, and A15 samples present higher impedance related to good corrosion
resistance, while for the A20 sample with a high content of tantalum, more susceptibility
to corrosion in a NaCl solution was observed. From Bode plots (Figure 8b), the presence
of two-time constants can be seen, one at high frequencies due to the non-compensation
of the ohmic drop in the electrolyte according to [34], and in the low-frequency range, the
second time constant appears because of the reaction or diffusion of the species, especially
of the chlorine ions, through the oxide film formed. This behavior is much more obvious at
the A15 and A20 alloys, while the A10 alloy, in which the phase angle at low frequencies
(Figure 8b inset) remains relatively constant at a value close to 80◦, showing a pseudoca-
pacitive character of surface passivation [35,36]. Instead, the lower phase angle of the A20
sample reveals a defective capacitor, a less protective layer that inherently decreases the
corrosion resistance of the alloy with a high content of tantalum.



Metals 2023, 13, 1294 9 of 12

Figure 8. EIS plots obtained after 168 h of immersion in 3% NaCl solution at 37.5 ◦C on all samples:
(a) Nyquist plots (inset: magnification of plots at high frequency); (b) Bode plots (inset: phase angle).

In order to go deeper, the EIS spectra of all samples were fitted using an electric
equivalent circuit model (EEC) illustrated in Figure 9. The equivalent circuit herein used
consists of Rs, Rox, Rct, Q1, and Q2 where Rs represents the resistance of the electrolyte, the
system Rox and Q1 simulates the processes that take place through the oxide film, and Rct
simulates the charge transfer resistance, respectively, a constant-phase element Q2 instead
of a capacitance that describes the capacitive characteristic of the oxide layer. Since the
oxide layers formed on Ti-based alloys regularly exhibit a duplex structure that resides in a
barrier-type thin compact inner one and a porous external one [37], the Q elements, which
describe the deviation of the electrochemical reaction from the ideal capacitive behavior,
are more suited for better fitting the EIS spectra.

Figure 9. Equivalent electrical circuit model.

The results of fitting the experimental data with the proposed EEC are shown in
Table 3. As a general remark, the higher Rox or Rct values are an indicator of better surface
protection [38]. From the parameters presented in Table 3, one may estimate that the
Rox and Rct of the A10 sample (i.e., 9.5 KΩ cm2 and 258.2 KΩ cm2) are superior to those
of the A15 (i.e., 8.1 KΩ cm2 and 82.1 KΩ cm2) and A20 samples (i.e., 2.2 KΩ cm2 and
5.04 KΩ cm2), respectively. On the other hand, the alpha-exponent of the constant-phase
element for all samples has values of about 0.9, which indicates a behavior close to an ideal
capacity of the film formed on titanium alloys [34] and confirms the tendency of titanium
alloys to passivate [38].
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Table 3. The obtained EIS parameters from fitting experimental data on the proposed equivalent
electrical circuit (Figure 9).

Specimen Rs
(Ω cm2)

Rox
(KΩ cm2)

Q1
(Ω−1 cm−2 sn) n1

Rct
(KΩ cm2)

Q2
(Ω−1 cm−2 sn) n2 Chi

A0 3.09 37 6.6 × 10−6 0.62 1022 11.5 × 10−6 0.9 0.4
A10 3.4 9.5 2.68 × 10−6 0.72 258.2 12.68 × 10−6 0.88 0.335
A15 2.8 8.1 13.37 × 10−6 0.69 82.1 97.03 × 10−6 0.89 0.538
A20 4.6 2.2 861 × 10−6 0.60 5.04 821.9 × 10−6 0.92 0.439

These results suggest a better corrosion resistance of the sample with a lower content
of tantalum in chemical compositions which is in line with literature reports [4,18].

It is known that an aggressive environment with a high concentration of chloride ions
(Cl−) furthers the corrosion processes, leading to a decrease in the corrosion resistance of the
alloys. The corrosion parameters estimated for the alloys presented in this study highlighted
good resistance corrosion after 168 h of immersion in a 3% NaCl solution, placing these
alloys in the very stable (A10 sample) and stable (A15 and A20 samples) corrosion resistance
classes according to [39]. This good resistance corrosion of TixTa9Zr8Nb2Ag alloys might
also occur due to a large content of the β phase in the alloy structure evidenced by the
XRD results, which are in agreement with literature report [40]. Moreover, from EIS
results, which evidenced higher Rct and Rox for the A10 sample and a lower corrosion rate
(<10 µm y−1), one may state that the Ti10Ta9Zr8Nb2Ag alloy provides better corrosion
resistance in a 3% NaCl solution. Furthermore, a low value of the elasticity modulus
obtained for the Ti10Ta9Zr8Nb2Ag alloy (A10 sample) close to that of human bone makes
it suitable for surgical application.

In summary, the results presented in this study highlighted the influence of the
tantalum content in the chemical composition of the alloy on the mechanical properties, as
well as on corrosion resistance, and point out that the Ti10Ta9Zr8Nb2Ag alloy might be
successfully used for medical implants.

4. Conclusions

The alloying of the Ti9Zr8Nb2Ag alloy with tantalum significantly changes its struc-
ture in the cast state, in the sense of increasing the proportion of the beta phase.

The alloy with 20% tantalum contains around 90% of the β phase and can be considered
monophasic.

Structure changing produces a change in the mechanical and electrochemical proper-
ties of alloys.

After adding 10% tantalum to the alloy, the modulus of elasticity decreased by 18%
from 100 GPa to 83 GPa, and at a content of 20% Ta, it reached the value of 55 GPa, closer
to the modulus of human bone compared with most used alloys such as CoCr or Ti-6Al-4V.

Vickers hardness increases with the tantalum concentration increasing in alloys.
Tantalum shifts the stationary potential in a 3% NaCl solution at 37.5 ◦C toward more

electronegative values by approximately 150–180 mV.
Alloys with a Ta content between 10 and 20% show, in a 3% NaCl solution, stationary

potentials that are more electropositive than corrosion potentials, which highlights the
passivation tendency.

The corrosion rates increase with the increase in the concentration of tantalum in the
alloy, but they remain at relatively low values between 5 µm y−1 and 47 µm y−1.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/met13071294/s1, Figure S1: Stress—strain curves for a selection
of test samples. On the chart plots showing the linear—elastic region of elastic moduli of 100 GPa,
50 GPa and 20 GPa are presented; Table S1: Strength parameters for the experimental alloys.

https://www.mdpi.com/article/10.3390/met13071294/s1
https://www.mdpi.com/article/10.3390/met13071294/s1
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