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Abstract: In the present study, the microstructure and mechanical properties of Ti-xTa (x = 5%, 15%,
and 25% wt. Ta) alloys produced by using an induced furnace by the cold crucible levitation fusion
technique were investigated and compared. The microstructure was examined by scanning electron
microscopy and X-ray diffraction. The alloys present a microstructure characterized by the α′ lamellar
structure in a matrix of the transformed β phase. From the bulk materials, the samples for the tensile
tests were prepared and based on the results and the elastic modulus was calculated by deducting
the lowest values for the Ti-25Ta alloy. Moreover, a surface alkali treatment functionalization was
performed using 10 M NaOH. The microstructure of the new developed films on the surface of the
Ti-xTa alloys was investigated by scanning electron microscopy and the chemical analysis revealed
the formation of sodium titanate and sodium tantanate along with titanium and tantalum oxides.
Using low loads, the Vickers hardness test revealed increased hardness values for the alkali-treated
samples. After exposure to simulated body fluid, phosphorus and calcium were identified on the
surface of the new developed film, indicating the development of apatite. The corrosion resistance
was evaluated by open cell potential measurements in simulated body fluid before and after NaOH
treatment. The tests were performed at 22 ◦C as well as at 40 ◦C, simulating fever. The results show
that the Ta content has a detrimental effect on the investigated alloys’ microstructure, hardness, elastic
modulus, and corrosion behavior.

Keywords: biomaterials; mechanical properties; alkali treatment; titanium-tantalum alloys

1. Introduction

In the field of biocompatible materials, commercially pure (CP) Ti is extensively used
for the manufacturing of implants. Nevertheless, it has some drawbacks such as low wear
caused by joint movement, low degree of deformability, etc. [1]. In order to overcome these
issues, Ti alloys have become a popular choice for implants since they have high mechanical
reliability [2], improved properties in terms of low specific weight, and increased corrosion
resistance [3]. The corrosion resistance is vital for biomaterials since the ions released
during corrosion can reduce the implant biocompatibility and can produce an unwanted
side reaction in peri-implant tissues, leading to inflammation, lowering the mechanical
properties, and even implant failure can occur [4]. The corrosion behavior of biomaterials
is strongly influenced by the passive oxide layer developed on its surface when it is in
contact with the physiological environment. Thus, the implants should be composed of
non-toxic elements with low toxicity and without causing allergic problems. Moreover,
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the implants require a reduced Young’s modulus, close to that of the bone which is in the
range of 10–30 GPa to prevent bone resorption which leads to bone remodeling [5]. If
the Young’s modulus of the implant differs greatly from that of the bone, it may result in
a stress-shielding effect which might require revision surgery [6]. Among the non-toxic
and non-allergic alloying elements used in Ti alloys that meet the mentioned conditions,
the most common are Nb, Zr, Mo, and Ta [7,8]. Alloyed with Ti, Ta is considered one of
the greatest biomaterials due to its excellent corrosion resistance. Its high resistance to
corrosion, even when exposed to hot and concentrated mineral-reducing acids, is attributed
to the development of a protective Ta2O5 film [9]. The bond between the surface of the
biomaterial and the surrounding tissues is conditioned by the tissue fluids and plasma.
This leads to the development of a macromolecules layer, water and proteins which is
responsible for the behavior of cells when they encounter the biomaterial. In addition, an
increased surface roughness leads to a strong interaction between the implant and bone by
increasing the contact area.

In order to increase the cohesion and strength with the bone, several methods have
been employed such as the deposition of hydroxyapatite (HA) by various methods. Dhi-
nasekaran et al. used a pulse laser deposition technique to develop HA coatings on CP
Ti [10] while Lin et al. deposited HA coatings on Ti plates using ultrasonic mechanical
coating and armoring [11]. Other deposition methods for HA coatings are axial plasma
spraying [12] and high velocity oxygen fuel spraying [13]. Moreover, sputtered HA thin
films were successfully obtained by Oladijo et al. to enhance the biocompatibility of
stainless-steel implants [14]. However, the unpredictable binding between hydroxyapatite
coatings or films and the Ti-based alloys raised concerns about the long-term durability
within the human body [15]. Therefore, an alternative method to enhance the quality of
bonding between the bioactive film and the implant is to activate the implant surface by
using NaOH solution.

To activate the implant surface by providing micro- and nano-roughness on Ti im-
plants, chemical treatment in alkali solution can be employed as an alternative to the
well-known sand blasting technique followed by acid etching [16]. Jalota et al. successfully
developed carbonated apatitic calcium phosphate on a Ti6Al4V substrate from simulated
body fluid by using 5 M NaOH solution at 60 ◦C for 24 h [17]. Wang et al. presented a
bone-like apatite formation on the surface of Ti6Al4V treated with NaOH solution and they
discovered that electrochemical impedance spectroscopy is a useful method to investigate
the nucleation and growth of apatite in simulated body fluid [18]. Similar findings were
reported by He et al. when Ti6Al4V was pretreated with 8 M NaOH solution at 60 ◦C for
48 h [19]. Thus, the chemical composition of the surface of the implant may lead to bone
binding and affinity by developing hydroxyapatite precipitates from body fluid [20].

The compositions of Ti-xTa alloys in this work were selected in order to further study
the microstructure and mechanical properties of these alloys obtained by the cold crucible
levitation fusion technique which are strong candidates as biomaterials. Thus, the aim of
the present work is to investigate the influence of the functionalization treatment on the
microstructure and mechanical properties of Ti-xTa alloys. The surface functionalization
by 10 M NaOH alkali treatment was performed in order to study the osteogenic potential
of the alloys. So far, studies were conducted generally on Ti6Al4V. The influence of the
functionalized layer on the hardness behavior was studied as well. After the surface
treatment functionalization, the samples were immersed in Ringer’s solution in order to
improve the osseoinductive activity of the samples. Moreover, the behavior was evaluated
in Ringer’s solution before and after the surfaces were treated using NaOH. The tests
were performed at 22 ◦C as well as at 40 ◦C, simulating fever conditions. Even though the
literature includes studies regarding the me-chemical and microstructural characterization
and corrosion behavior of Ti-xTa (x = 5, 15, 25% wt. Ta) alloys, as far as we are aware,
there are no studies regarding the elastic modulus determined using tensile tests for very
small sample, Ti-xTa surface functionalization by using 10 M NaOH in order to increase
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the biological activity in the alloys nor in vitro studies after surface treatment simulating
fever conditions which is an accelerated process due to the increased temperature.

2. Materials and Methods
2.1. Material Preparation

The binary Ti-Ta alloys with different Ta contents (5%Ta, 15%Ta and 25%Ta) were
prepared using an induced furnace by the cold crucible levitation fusion technique. Argon
was used as shielding gas in order to avoid oxidation. The alloys were manufactured
under ingot shape with a diameter of 20 mm and a length of 30 mm. Homogenization
was performed to avoid segregation by performing heat treatment in a tubular furnace at
1000 ◦C, with 5 ◦C/min heating rate followed by cooling in air.

2.2. Microscopic Observations

The samples were embedded in carbon-based resin and afterward polished with SiC
abrasive papers in the range of 280–2500 P and then with alumina paste until a mirror-
like surface was obtained. The samples were cleaned with alcohol in an ultrasonic bath
followed by etching using Kroll’s reagent. The metallographic samples were investigated
by scanning electron microscopy (SEM, Zeiss Sigma 300 VP, Carl Zeiss, Jena, Germany).
The SEM was operated in high vacuum mode at a cathode voltage of 20 kV using the
secondary electron detector (SE). Energy dispersive X-ray (EDS) was employed as well in
order to determine the chemical composition of the alloys after homogenization.

2.3. Phase Structure

In order to study the phase structure of the investigated alloys, X-ray diffraction
was performed on an Empyrean diffractometer (Malvern-Panalytical, Malvern, UK). The
measurements were performed on polished samples at 22 ◦C using Cu Kα radiation at an
angle of 2θ in the range of 30–65◦. The step size employed was 0.04◦ at a power of 45 kV.

2.4. Surface Treatment with 10 M NaOH

In order to improve the osteoinduction, a superficial treatment was employed by
immersing the investigated samples in 100 mL of NaOH 10 M at 60 ◦C for 24 h and its effect
on the micro-hardness and corrosion behavior was studied. The functionalized surfaces
were investigated by SEM (Quanta FEG 250, FEI, Hillsboro, OR, USA) using backscattered
electron detector (BSD) equipped with an EDS spectrometer employed to evaluate the
chemical composition of the treated surfaces.

2.5. Micro-Hardness Measurements

The micro-hardness of the alloys was measured using a Buehler Micromet VD 5124
(Buehler, Lake Bluff, IL, USA) hardness tester with a Vickers indenter. A low load of
49 mN was employed for the study in order to compare the hardness of the initial samples
and to measure the hardness of the layer developed on the surface of the samples after the
NaOH treatment. A 15 s holding time was used and 10 measurements were performed on
each sample.

2.6. Elastic Modulus Obtained from Tensile Test

The tensile tests were performed on an ElectroForce 3100 (Bose, Eden Prairie, MN,
USA) tensile testing machine at 22 ◦C. The samples were prepared with the size of gauge
length (L0), width (W0), and thickness (T0) presented in Table 1. The samples were cut from
ingots using an IsoMet 4000 linear precision saw (Buehler, Lake Bluff, IL, USA) followed
by fine polishing until the desired shape was obtained (Figure 1a). The shoulders of the
samples were firmly and carefully gripped by the tensile tester (Figure 1b) in order to
avoid damage of the fine specimens. Three samples were prepared for each alloy to ensure
repeatability of the measured results.
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Table 1. Dimensions of one set of samples for tensile tests.

Alloy Lo [mm] Wo [mm] To [mm] So [mm2]

Ti5Ta 3.21 1.52 0.34 0.51
Ti15Ta 2.31 1.35 0.26 0.35
Ti25Ta 2.76 1.61 0.25 0.41

Figure 1. Schematic of tensile test specimens (a) and dog-bone-shaped sample fixed in the tensile
testing machine (b).

The samples with the dimensions presented in Table 1, including the cross-sectional
area (S0), were subjected to tensile tests using a maximum force of 22 N using a constant
speed of 0.8 N/s.

Based on the tensile test results, the elastic modulus was calculated using the
following equation:

Et =
F/S0

∆L/L0
(1)

where F is the applied force, S0 is the cross-sectional area, L0 is the gauge length of
the test specimen, W0 represents the width of the samples, and ∆L is the change in the
gauge length.

2.7. Corrosion Behavior

The corrosion behavior of the tested specimens was determined by open circuit poten-
tial (OCP) measurements carried out by using a BioLogic SP-150 Potentiostat (BioLogic,
Seyssinet, France). The testing technique was performed on samples with and without
10 M NaOH treatment, in both cases at 22 ◦C and at 40 ◦C, in order to study the feverish
state of persons who might have an implant manufactured from a Ti-xTa alloy. The results
were obtained in the form of graphs by using the Power Suit software representing the
corrosion potential values (V) versus time (s). The tests were performed over a period of
24 h, by taking measurements at every 43.2 s.
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3. Results and Discussions
3.1. Microstructure of Ti-xTa Alloys

The SEM micrographs representing the different microstructures of the studied alloys
are presented in Figure 2. It can be seen that the microstructure is very sensitive to the Ta
addition and evolved with the increase in the Ta content. Ta is a β phase stabilizer in Ti-
based alloys and their microstructure consists generally of α and β phases alongside α′ and
α” phases which are non-equilibrium martensitic phases [21]. The Ti-5Ta sample presents
a microstructure characterized by the α′ lamellar structure in a matrix of transformed β
containing equiaxed primary α. By increasing the Ta content to 15%, the microstructure
presents a lamellar α′ structure in the β phase. From the high magnification micrographs
presented in Figure 2 labeled (f), it can be observed that the lamellar α′ and acicular α”
phases occur when the Ta content is added in a higher amount (25% Ta). The α” phase
precipitated preferentially at the grain boundaries, reported as well by Yumak et al. [22].
The supersaturated α′ and α” solid solutions formed due to quenching from βwhen the
samples were taken from the oven and air-cooled.

Figure 2. Microstructure of Ti-xTa alloys on SEM—(a,b) Ti-5%Ta; (c,d) Ti-15%Ta; (e,f) Ti-25%Ta.

The EDS analysis was performed on the investigated alloys and the associated spectra
are presented in Figure 3. From the investigations, it can be seen that there are no impurities
in the alloys; therefore, only Ti and Ta were identified along with some traces of oxygen.
Moreover, the spectra show that the alloys are homogenous and free of segregations. The
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presence of oxygen is due to the high affinity of this element to Ti and Ta which developed
the oxide layer when exposed to the environment.

Figure 3. EDS spectra of the investigated alloys.

The XRD patterns of the investigated samples are presented and compared in Figure 4.
For all three samples, peaks of the α and β phases were detected. A similar finding was
reported in our previous studies [23]. However, since the hexagonal α′ and orthorhombic α”
martensitic phases are very close in the XRD pattern, it is very difficult to distinguish them
by using phase analysis. Thus, in the XRD pattern, only the α phase was used as annotation.
In analyzing the patterns, one can notice that the α phase is higher in the alloy containing
lower amounts of Ta compared to the β phase, indicating that the α phase predominates
the microstructure which is in accordance with the microstructural characterization. In
the samples containing 15% and 25% Ta, an increase in the β phase diffraction peak was
observed and this is attributed to the fact that Ta, which is a β stabilizing element, leads to
an increased β volume fraction within the alloys. A minor peak was detected at the position
36θ which is attributed to the TiO2 phase which forms as a protective and self-adherent
film on the surface of Ti [9]. XRD failed to detect other phases which might be present in
the microstructure such as theω phase due to their small presence.

3.2. Elastic Modulus Calculated from Tensile Test Results

The elastic modulus was calculated based on the tensile test results. Figure 5 labeled
(a) presents the force–elongation curves obtained for the Ti-x%Ta samples when applying a
load of 22 N. The strength variation in the Ti-Ta alloys is due to the microstructural change
caused by the Ta content. The finer microstructure of the α phase of the Ti-25%Ta con-
tributed to the increased strength of this composition. Additionally, the degree of saturation
of α increases with the Ta content, leading to an improved solid solution strengthening
within the alloy [24]. The data used for the calculus of the elastic modulus were determined
based on the linear slope presented in the force–elongation curves which end at the yield
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point. After this point, one can notice that a permanent plastic deformation occurs in the
material under the applied force. The linear elastic behavior varied the function of the
Ta content and it had a direct effect on the elongation of the samples. After the elastic
behavior, a transient area from an elastic to quasi-plastic–elastic area can be observed.
Similar observations were reported by Suttner et al. when determining the elastic modulus
from uniaxial tensile tests of sheet metals [25]. Using Hook’s equation presented at para-
graph 2.6, the elastic modulus was calculated, and the results are presented in Figure 5b.
It can be observed that the elastic modulus decreases linearly with the increase in the Ta
content. Thus, the lowest elastic modulus among the investigated samples was calculated
for Ti-25Ta and, as can be observed, a value of 62 GPa was obtained. Similar findings were
reported by Zhou et al. when studying the mechanical properties of Ti-25Ta in comparison
with other Ti-Ta alloys. They reported that the Ti-25Ta had the lowest elastic modulus
among the studied compositions with a value of 64 GPa [26]. However, the calculus of
the elastic modulus from the tensile tests presents variations and scatter in comparison
with the dynamic measurements [27], which might be the reason for the different values
obtained compared to the literature. Therefore, the calculus of the elastic modulus from the
tensile tests performed on very small samples at forces up to 20 N might be a promising
method to provide information about the mechanical properties of biomaterials.

Figure 4. XRD spectra of the investigated samples: blue—Ti-5%Ta, black—Ti-15%Ta and red—Ti-25%Ta.

3.3. Microstructure of the Functionalized Surfaces after NaOH Treatment

The surface morphology after treatment with NaOH solution was studied by SEM.
The treated surfaces, presented in Figure 6, exhibit different morphologies. Since the alloys
were treated in the same way using the same concentration of NaOH and same exposure
time, it is believed that the various structures are directly influenced by the Ta content
within the substrate. Thus, with an increase in the Ta content, a smoother film surface is
obtained, as presented in the SEM images collected at 20 k magnification.

After soaking in NaOH solution, a new film was developed on the surface of the
samples composed mainly of sodium titanate and sodium tantanate along with titanium
and tantalum oxides, as was revealed by the EDS analysis. In a similar study, Luo et al.
used 5 M NaOH to functionalize a Ti6Al4V substrate and a rich sodium titanate film was
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obtained. Since the chemical composition was similar for the investigated samples, only
the results for Ti-15Ta are presented in Figure 7.

Figure 5. Force–elongation curves of the tested samples (a) and variation in elastic modulus with Ta
content (b).

Figure 6. Microstructure of Ti-xTa substrates treated with 10 M NaOH at 20 k magnification—(a) Ti-5%Ta;
(b) Ti-15%Ta; (c) Ti-25%Ta.

3.4. Composition of the Functionalized Surfaces after Exposure to Simulated Body Fluid

After exposure to Ringer’s solution, the microstructure of the treated alloys did not
change significantly, as can be observed in Figure 8. Because of this, only the microstructure
of the Ti-15Ta sample was presented. However, it can be observed that the chemical
composition has changed, and Ca and P were detected on the surface of the treated samples,
dispersed homogenously, according to the EDS mapping.
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Figure 7. Microstructure of Ti-15Ta substrate treated with 10 M NaOH with afferent chemical
composition—(a) Ti-15%Ta; (b) EDS on selected area; (c) elemental mapping.

3.5. Hardness Evaluation

Comparing the results presented in Table 2, it can be observed that the hardness
values increase from 155.34 (Ti-5Ta) to 219.69 (Ti-25Ta). The higher hardness value for the
Ti-25Ta composition is attributed to an improved structural hardening caused by an ideal
distribution of the α phase within the β phase [28]. The hardness values after the NaOH
treatment increased considerably, as presented in Table 2. During the NaOH treatment, the
stable TiO2 reacts with the solution and forms a sodium titanate film while the Ta2O5 forms
a sodium tantanate amorphous film. However, not all the amount of TiO2 and Ta2O5 reacts
during the process. Higher hardness values for the treated surfaces might be attributed to
the formation of sodium titanate and sodium tantanate combined with Ti and Ta oxides
after the NaOH treatment. It was reported that oxides developed on Ti alloys have higher
hardness values compared to the non-treated surface [29]. Nevertheless, the results are for
low testing loads which were employed during the study in order to avoid damaging the
new layer developed after the NaOH treatment.
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Table 2. Hardness measurements on Ti-xTa samples.

Sample Without Treatment With NaOH Treatment

Ti-5%Ta 155 ± 24 212 ± 17
Ti-15%Ta 167 ± 03 224 ± 62
Ti-25%Ta 219 ± 39 353 ± 28

4. Corrosion Tests

Metals immersed in an electrolytic medium generate an electric potential (open circuit
potential, OCP) that varies as a function of immersion time. This potential stabilizes
and remains constant after immersion for a certain time. The variation in the potential
over time occurs due to processes occurring on the surface of the electrode when in
contact with an electrolyte which produces changes in the nature of the electrode surface.
The shift in the corrosion potential in the positive direction (anodic direction) can be
associated either with an acceleration of the reduction reaction (cathodic reaction) or with
an inhibition of the oxidation reaction (anodic reaction). The inversion or displacement of
the corrosion potential in the negative direction (cathodic direction) may correspond either
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to an acceleration of the oxidation reaction or to an inhibition of the reduction reaction. In
general, it can be established that the evolution of the potential in the positive direction
corresponds to the formation of a protective oxide layer on the surface, and when it moves
toward negative values it can be associated with a reorganization of the surface layer of
its internal configuration with an increasingly lower resistance to corrosion [30]. Alloys
with the most negative potentials will generally tend to suffer more significant corrosion
than other alloys (with positive potentials) which will suffer less corrosion attack. Thus,
the open circuit potential is a useful method to evaluate the corrosion behavior of alloys.

As a follow-up, Figure 9 presents the OCP results for various conditions as follows:
(a) OCP results for the samples without the NaOH treatment at 22 ◦C; (b) OCP results for
the samples without the NaOH treatment at 40 ◦C; (c) OCP results for the samples with the
NaOH treatment at 22 ◦C; and (d) OCP results for the samples with the NaOH treatment
at 40 ◦C.

Figure 9. Open circuit potential curves for Ti-xTa alloys during 24 h immersion in the electrolyte in
various conditions: (a) OCP results for samples without NaOH treatment at 22 ◦C; (b) OCP results
for samples without NaOH treatment at 40 ◦C; (c) OCP results for samples with NaOH treatment at
22 ◦C; and (d) OCP results for samples with NaOH treatment at 40 ◦C.

In Figure 9a, it can be observed that for all the samples, the open circuit potential
increases, reaching almost the same stable value for Ti-5Ta and Ti-25Ta and a little lower for
Ti-15Ta [23,31] after 24 h of immersion. At 40 ◦C (see Figure 9b), the differences between
the stable values of the open circuit potential for the three alloys are more pronounced. The
open circuit potential increasing with time is due to the following reactions which take
place at the samples’ surface:

Ti + 2H2O = TiO2 + 4H+ + 4e− (2)

2Ta + 5H2O = Ta2O5 + 10H+ + 10e− (3)

With the NaOH treatment and posterior heat treatment, at the surface of the samples,
a film of sodium titanate and sodium tantanate is formed [32,33]. At 22 ◦C (see Figure 9c),
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a sharp increase in the potential can be observed for all the samples during the first hour of
immersion; after this period, the OCP is mainly stable for Ti-5Ta but decreases significantly
for Ti-15Ta and Ti-25Ta due to the interactions of sodium titanate and tantanate with the
calcium and phosphate ions from the simulated body fluid. At 40 ◦C (see Figure 9d),
these processes are taking place rapidly, resulting in apatite formation (the processes are
represented in Figure 10).

Figure 10. Schematics of apatite formation on Ti-xTa.

5. Conclusions

In the present study, Ti-xTa (x = 5%, 15%, and 25% wt. Ta) alloys produced by using
an induced furnace by the cold crucible levitation fusion technique were investigated. The
samples were subjected to a 10 M NaOH treatment and the microstructure and mechanical
properties were evaluated at 22 ◦C as well as at 40 ◦C, simulating fever conditions. Thus,
by modifying the Ta content within the alloy, the microstructure can be changed from
a microstructure characterized by the α′ lamellar structure in a matrix of transformed β
containing equiaxed primary α for the Ti-5Ta alloy, to a microstructure with the lamellar α′

structure in the β phase, with fine α” acicular structures precipitated preferentially at the
grain boundaries for the Ti-25Ta alloy. EDS analysis shows only Ti and Ta within the mi-
crostructures along with some traces of oxygen, indicating that the alloys are homogenous
and free of segregation. According to the XRD patterns, an increase in the Ta content to 15%
and 25% leads to the growth in the β phase which is attributed to an increased β volume
fraction within the alloys. Furthermore, this has an influence on the mechanical properties.
Thus, the Ti-25Ta alloy exhibits the highest hardness, HV353 ± 28, and the lowest value of
the elastic modulus (62 GPa), which is very close to that of the bone. The experimental data
confirm a very good behavior in the studied Ti-xTa alloys in simulated fever conditions and
the apatite coating formed on the surface further improves the excellent biocompatibility
of these alloys.
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