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Introduction

Metals used for biomedical applications must have specific properties depending on the required functions. The 
principal property is biocompatibility, followed by corrosion resistance and mechanical compatibility. Thus, due 
to their high corrosion resistance in biological media, the principal metallic biomaterials used worldwide are 
pure titanium and titanium alloys [1]. Titanium has specific properties which make it an appropriate material for 
use in medicine, and it is proven that this element is extremely resistant to corrosion in aggressive environments 
(environments containing acids). This property is due to the formation of a spontaneous oxide layer of TiO2 which 
is passive, very stable and biocompatible [2]. Commercially pure titanium and Ti–6Al–4V alloy are commonly 
used materials in odontology and orthopedics, respectively [3–5]. Several studies showed the need to develop new 
alloys without aluminium and vanadium, as the ions of these metals, when they are released from the Ti–6Al–4V 
alloy in the corrosion process, may be related to long-term health problems [6]. Scientific studies [7–9] show that 
the most appropriate alloying elements are niobium, tantalum, zirconium and molybdenum due to their non-
toxic characteristics, the majority of these elements being β phase stabilizers [8]. Niobium was considered for use 
in bio implants due to it being a non-toxic, non-allergenic element [10] and for presenting high biocompatiblity 
[11]. Niobium also has high yield strength and ductility when compared to cortical bone [12]. Another important 
characteristic that makes niobium a promising material for use in biomedical applications is its stability and 
resistance in corrosion media [13, 14]. Currently, several researchers [15, 16] are studying the Ti–Nb alloys for 
presenting a low elastic modulus compared to titanium and Ti–6Al–4V orthopedic alloy, which is a very important 
property to reduce the stress shielding. When the bone tissue and the implant surface are undergoing the same 
strain, the ‘stress shielding’ phenomenon may be caused by the big difference in the elastic modulus of these 
materials. As a consequence, bone resorption can occur and then the loss of the implant in the long term. Ti–Nb 
alloys have been studied for showing high corrosion resistance in physiological media and for being low cost alloys 
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Abstract
The Ti–Nb alloy binary system has been widely studied with regard to biomedical applications due 
to the high biocompatibility and excellent mechanical properties of the alloys. Regarding physical-
chemical stability, Ti–Nb alloys maintain the properties of Ti metal, which is highly resistant to 
corrosion in aggressive media due to a spontaneous stable oxide layer (TiO2) formed on its surface. 
The objective of this study was to evaluate the corrosion resistance of the Ti–40Nb alloy in artificial 
blood. The thermodynamic stability was studied using the open circuit potential technique and 
the corrosion resistance was assessed by potentiodynamic measurements and electrochemical 
impedance spectroscopy. The electrochemical results indicated that the Ti–40Nb alloy has high 
corrosion resistance and good thermodynamic stability, with an OCP of around  −485 mV, and 
the alloy remained electrochemically stable in potentiodynamic conditions with initial and final 
potentials of  −1.0 V to  +2.0 Vsce, respectively, in low current densities (~µA cm−2) with an absence 
of hysteresis, aspure Ti. The results obtained showed that this specific alloy has the potential to be 
used in biomedical applications.
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with the potential to be used as the Ti–6Al–4V orthopedic alloy [17, 18]. The following research aims to analyze 
the corrosion resistance and electrochemical stability of the commercially pure materials titanium, niobium and 
the biomedical Ti–40Nb alloy in media containing chloride ions using electrochemical techniques.

Experimental procedure

Samples of commercially pure titanium (grade 2) (99.35%+) were provided by Titanium do Brasil Ldta and 
commercially pure niobium samples (99.8%) were provided by Companhia Brasileira de Metalurgia e Mineração 
CBMM. The biomedical Ti–40Nb alloy was prepared at UNESP, Department of Materials, School of Engineering, 
Guaratinguetá Campus. In the process, the titanium and niobium materials were melted in an arc furnace under an 
argon atmosphere, and were remelted ten times to ensure homogeneity. After casting it underwent a homogenizing 
heat treatment at 950 °C for 24 h and was thencooled in the furnace. After this step, the ingot was forged by 
rotory swaging and then solubilization was carried out at 900 °C for 2 h, before being cooled in water. Samples 
with a diameter of 10 mm and a thickness of 2 mm were obtained from the cylinder ingot after wire drilling. In 
the preparation of the sample surface, sanding was carried out with silicon carbide sandpaper from the brand 
3M, in particle sizes of 280–600. After sanding, the samples were washed in an ultrasound bath with acetone, 
isopropyl alcohol and distilled water (15 min in each solution). The chemically etched samples were analyzed 
using a microscope (Olympus FV10i) with ultraviolet laser light. The samples were sanded and then polished in 
an alumina 1.0 µm suspension. The material’s crystalline phases were identified using an x-ray diffractometer 
(Shimadzu XRD-7000). The measurementswere made using CuKα monochromatic radiation with 40 kV 
potential and 30 mA in θ–2θ geometry, using an angle measuring 30°–90° and a scanning speed of 0.5° min−i.

An electrolyte of artificial blood was used for studying the corrosive resistance and the electrochemical stability 
of the materials, in accordance with the ASTM F-2129. The artificial blood had the following chemical composi-
tion: NaCl 6.8 g l−1, KCl 0.4 g l−1, CaCl2 · H2O 0.2 g l−1, NaH2PO4 · H2O 0.026 g l−1, Na2HPO4 · H2O 0.126 g l−1,  
MgSO4 0.1 g l−1, NaHCO3 2.2 g l−1 with a pH of 7.3. The reference electrode used was the saturated calomel 
electrode (SCE), Hg/Hg2Cl2, KClsat and the counter electrode used was a spiral shaped platinum wire. A Min-
ipa ET-2652 precision multimeter was used to measure the open circuit potential. A potenciostat galvanostat  
(Microquímica MQPG-01) was used for the cyclic voltammetry and potential linear scanning measurements. 
The Ei and Ef potentials were  −1.0 and 2.0 V, respectively, and the scan rate was 1.0 mV s−a, at room temperature. 
The kinetic measurements by electrochemical impedance spectroscopy were made in an electrochemical system, 
Ecochemie, model Autolab—PGSTAT-100, using a computer interface for the data acquisition and registry. The 
potential amplitude was set to 10 mV peak-to-peak (AC signal), with five points per decade, and the frequency 
range was set from 100 mHz to 100 kHz. The impedance tests were performed on 0, 30 and 60 d of immersion in 
artificial blood. For the 0 d tests, the samples stayed in the physiologic solution for 15 min until the open circuit 
potential was achieved.

Results and discussion

Table 1 shows the concentration of the elements titanium and niobium in the Ti–40Nb alloy. The percentage 
of niobium in the alloy is 42.0  ±  2% and the percentage of titanium is 57.9.  ±  2%. These values are almost the 
quantities in bulk of the metals used in the preparation of the alloy Ti–40Nb. The x-ray analysis suggests the 
homogeneity of the alloy which was custom made in the laboratory.

An image of the optical microscopy of the titanium grade 2 surface after etching with specific etch for titanium 
(Kroll reagent) is shown in figure 1(a). A uniform microstructure of titanium CP is noted, presenting only α struc-
ture. As shown in the image, there is a uniform distribution of the grains and a minimal variation in the coloring 
which indicates the different crystallographic axes. The variation in the sizes of the grains revealed is approximately 
in the order of 10 µm minimum and 70 µm maximum [19].

Many authors suggest that the Ti–Nb alloys present different microstructures; these microstructures are sensi-
tive to the content of niobium present in the alloys, to the thermomechanical processing, and to the cooling in the 
preparation and thermal treatment of the alloy [15, 20–23, 27, 28].

Following the schematic phase diagram for the titanium alloys, there are just three stable phases in the Ti–Nb 
binary system, however, the transformation β  →  α is slow, allowing the occurrence of some metastable transfor-
mations. The β phase suffers two types of martensitic transformations while being fast cooled: α′ (hexagonal) 

Table 1. Element percentages in the Ti–40Nb alloy obtained by x-ray fluorescence.

Element Percentage (%) Variation (%)

Ti 57.902 ±2

Nb 42.091 ±2
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and α″ (orthorhombic). In small compositions, the ω hexagonal phase is caused by the instability of the β phase, 
due to the cooling process. It occurs when there is a transition phase between the β and α phases because of the 
thermal treatments [22].

Figure 1(b) shows the Ti–40Nb alloy microstructure after the process to reveal the phases and grain outline 
with the chemical etch. This optics micrograph suggests that the structure presented by the Ti–40Nb alloy was 
a biphasic structure composed by α″ e β phases (shown by arrows in the figure). The fast cooling, from a high 
temper ature where there is a presence of the β phase, produces α″ and ω [24], which were probably obtained during 
the water cooling, after the solubilization treatment. However, by having a large amount of niobium, we obtained 
a fraction of the β phase retained after the fast cooling, and possibly retention of the ω phase according to data in 
the literature [25, 26].

Figure 1(b) suggests diverse β grains with diameters of about 70 and 100 µm. There are also denotations of 
grains with the structure of the martensitic phase, with an approximate diameter of between 80 and 120 µm. The 
structure presented is uniform in every grain, where it is possible to see that there is variation in the size of the 
revealed grains, in the order of 120 µm in its bigger sizes.

The crystallographic data sheet derived from the stable and metastable diagrams for the Ti–Nb alloy [29], 
indicate that the phases β (Ti) and β (Nb) (cubic) can be observed in the alloys that have 0–100 wt.% of Nb, the  
α″ (Ti) (orthorhombic) phase can be present in alloys with ~14–43 wt.% of Nb. The ω and phase α″ (hexagonal) 
can be present in alloys within 16–45 wt.% of Nb, depending exclusively on the alloy’s preparation process.

According to previous research, biphasic alloys obtained by different cooling methods can have distinct elec-
trochemical behavior, such as Ti–35Nb which presented α″  +  β phases when processed using water cooling and 
α  +  β  +  ω phases when processed using oven cooling [17]. The presence of α″ phase coexisting with β phase can 
also infer in the elastic modulus property by means of the presence of the β phase. Several biphasic titanium alloys 
are commercially used, such as the α  +  β alloy Ti–6Al–4V (ASTM F 1472), Ti–13Nb–13Zr and Ti–Zr, which have 
microstructures that are martensitic and beta phases [30].

Figure 1. (a) Optical microscopy image of the surface of Ti CP chemically etched with Kroll reagent, (500×), (b) optical microscopy 
image of the Ti–40Nb alloy’s surface chemically etched with a special reagent for niobium and its alloys (ASTM 160), (200×).

Mater. Res. Express 4 (2017) 075402
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Analyses were realized using the x-ray diffraction technique (XRD) in the samples, to prove that the ω phase 
was formed in the metallurgic Ti–40Nb alloy. Figure 2 shows the diffraction spectrum obtained in the XRD 
analyses of the Ti–40Nb alloy in the θ–2θ geometry. Fifteen peaks with different intensities are recognized, this 
being determined by analyses and comparison with the data bank of the ‘joint committee on powder diffractions 
standards (JCPDS)’ sheet.

As shown in figure 2, the α″, β and ω phases observed in the biomedical Ti–40Nb alloy by the microstructure 
analyses were also identified by XRD spectra, proving the presence of the three phases in the biomaterials samples.

Electrochemical stability and corrosion resistance
Figure 3 shows the open circuit potential (OCP) for titanium, niobium, and the Ti–40Nb alloy, respectively. For 
being valve metals (recovered with a spontaneous oxide) the OCP curves showed a particularly similar behaviour, 
where the growth of this spontaneous oxide layer is associated with a linear increment of the potential over time 
(figure 3). The positive potential evolution indicates the formation of a protecting passivation layer.

Figure 2. XRD spectra for the biomedical Ti–40Nb alloy with scanning speed of 0.5° min−1.

Figure 3. Open circuit potential curves of biomaterials Ti–40Nb, titanium and niobium in artificial blood at room temperature, 
(pH ~ 7.4).

Mater. Res. Express 4 (2017) 075402



5

K M Reyes et al

The surface activation of the material takes place from the first minute the metal is exposed to the electrolyte. 
The potential shifts toward more positive values in the first minutes (0–15 min), and after this time the stationary 
state is achieved at certain equilibrium potential (figure 3). In this condition, the surface must be covered with a 
spontaneous oxide layer of around 2 nm thickness [31].

In the case of titanium, the electrochemical stability is achieved in about 20 minutes, which indicates the sta-
tionary state and the presence of a TiO2 layer on the metal surface. Titanium’s equilibrium potential was approxi-
mately  −131 mV, indicating that this biomaterial is stable in artificial blood. In the case of niobium, it was not 
possible to determine the time when the stationary state was achieved; a subtle increase in the potential with time 
was observed during the 120 min experiment, so the formation of a protective layer of Nb2O5 on the substrate can 
be assumed. The equilibrium potential of niobium (−284 mV) indicated that this material has a greater tendency 
to dissolution/corrosion in artificial blood.

The biomedical Ti–40Nb alloy presents similar behavior to that of titanium, obtaining thermodynamic stabil-
ity in approximately 27 min. For the titanium based alloy, the tendency for oxide to form in artificial blood media 
was alike. In this case, after the 27 min of exposure, there was no variation in the potential over time. This indicates 
the stationary state of the alloy but it occurs in a less noble potential than in the case of niobium, being  −485 mV, 
which indicates that this alloy is thermodynamically less stable.

A less noble OCP in the alloy could be obtained because of the cooling process employed in the preparation 
of the alloy, which produces α″ phase [17] and causes less corrosion resistance [32]. Thermodynamical stability 
of Ti–40Nb alloy in artificial blood can be compared to the commercial Ti–6Al–4V alloy, for which the OCP’ is 
around  −500 mV [31, 33].

The potential linear scanning method was used to study the electrochemical stability of materials under con-
trolled potential conditions. Figure 4 shows the potentiodynamic polarization curves and the current density 
values obtained at a scan rate of 1 mV s−1, in artificial blood solution for titanium, niobium and Ti–40Nb.

As seen in figure 4, in both biomaterials (Ti and Nb) when anodically polarized, a protective oxide grew, which 
is inferred from the increase in the charge (I  ×  t) involved in the process. In the case of niobium, there was a smaller 
potential and smaller current density than titanium, which may indicate that the formation of Nb2O5 occurs faster 
than the formation of TiO2. Regarding the Ti–40Nb alloy, the formation of the surface oxide occurs steadily over 
a current density of 140 µA cm−2 and a polarization potential of 0.65 V.

The three materials maintained the typical behaviour of a passive material [34, 35], no breakdown potential 
was observed during the applied potential range. The breakdown potential its characterized by the sudden increase 
in the current density in a certain potential, which indicates the passage of current through the breaking of the 
surface oxide layer. As no increase in the current density was observed for these biomaterials, the films formed on 
the surface of the biomaterials were stable and protective [36].

Figure 4. Potentiodynamic curves of niobium, titanium and Ti–40Nb alloy in artificial blood solution at scan rate of 1 mV s−1  
at room temperature.

Mater. Res. Express 4 (2017) 075402
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Thereby, by comparing the magnitudes of the peak potential presented by the biomaterials:  −0.20 V for nio-
bium, 0.30 V for titanium and 0.65 V for Ti–40Nb alloy, we can see that the formation of the barrier oxide layer 
occurs more rapidly for the niobium, followed by titanium and finally the Ti–40Nb alloy. Also, as shown in figure 4, 
the integral of the curves j  ×  E, which represents the charge (Q) involved in the anodic process, indicates quantita-
tive characteristics of the surface oxide. Since the charge in the anodic process of the Ti–40Nb alloy was greater than 
the one presented in titanium, possibly there is a larger amount of this oxide on the alloy surface, which denotes a 
more protective behavior. As for the niobium, where the charge is less compared with the other biomaterials, there 
should be less oxide on the surface, demonstrating a weaker barrier system. However, there was no stabilization 
of the current density at the end of scan potential for Ti–40Nb, so this behavior may indicate that even if there is 
more of this oxide, it is a more unstable layer. Regarding the magnitude of the thickness of these oxides, Marino 
[32] studied the growth of titanium oxide with anodic charges, showing that the anodizing rate is 2.5 nm V−1. Thus, 
the estimated thickness of the surface oxide on Ti–40Nb alloy should be approximately 5.0 nm.

To study the kinetics of the corrosion process in the biomaterials, the electrochemical impedance spectroscopy 
(EIS) technique was employed to analyze the electrical parameters of resistance and capacitance. In figure 5, Bode 
diagrams are shown. In these diagrams the impedance spectrum can be seen for niobium, titanium, and Ti–40Nb 
alloy on 0, 30 and 60 d of immersion in artificial blood. Both impedance module (Z) and phase angle (θ) are  
represented as a function of frequency.

The log ǀZ ǀ  ×  log f curve provides the Rp  +  Rs values, where Rp is the polarization resistance at low frequencies 
and Rs the solution resistance at high frequencies. A superior impedance and phase angle (of around 90°), indi-
cates a nobler electrochemical behavior because both are related to the resistance of the oxide layer [17, 37]. The  
electrical parameters obtained for each material are shown in table 2.

Figure 5. Bode plots of (a) niobium (b) titanium and (c) Ti–40Nb in 0, 30 and 60 d of immersion in artificial blood at room 
temperature, pH ~ 7.4 with an AC potential of 10 mV and DC potential of the OCP.

Mater. Res. Express 4 (2017) 075402
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The polarization resistance refers to the oxide/solution interface and, for all the biomaterials, was around 106, 
i.e. there is a very resistant oxide layer in the surface, a barrier type oxide. The lower absolute values of polariza-
tion resistance were presented by niobium, followed by Ti–40Nb and finally, titanium grade 2. With regard to the 
phase angle, it remained constant in the intermediate frequencies in the case of 0 and 30 d of immersion in artificial 
blood, which represents a capacitive behavior.

Analysing figure 5; for titanium, niobium, and the Ti–40Nb alloy at the different times of analysis there is a 
typical behavior of the valve metals, where there is a grown oxide film on the surface when the potential remains in 
the open circuit conditions. This occurs for the different times of immersion in artificial blood. This argument is 
based on the fact that the capacitance value in the three different times remains in the order of µF cm−2 for all the 
biomaterials. The polarization resistance value for all the biomaterials (table 2) showed only a minimal decrease 
over time, which may be justified because an increase is expected in the thickness of the surface oxide while keeping 
the biomaterial in the open circuit condition in artificial blood within 30 and 60 d. By keeping considerably high 
impedance values, it can be confirmed that these biomaterials remained stable and resistant to corrosion due to 
the oxide film that had grown on its surface, which in fact did not show any indication of spontaneous dissolution. 
This result corroborates the results of the potential linear scanning measuring and cyclic voltammetry, where the 
same electrochemical behavior of these biomaterials was predicted under accelerated conditions.

Regarding phase angle, there is a small variation between the values of 0 and 30 d of immersion in artificial 
blood for the three biomaterials. This indicates that in 30 d these biomaterials have become more capacitive, imply-
ing the possible formation of a more porous oxide, which is a characteristic of the valve metals. This hypothesis 
was confirmed in the scanning carried out at 60 d of immersion, where the electrical behavior showed two time 
constants for titanium, niobium and for the Ti–40Nb alloy. This time constant has been interpreted as being the 
result of an outer surface layer of the film, according to the bi-layer oxide model [38], where the outer layer is less 
compact and/or porous than the inner layer [39].

Table 2. Results of the electrical parameters obtained for (a) titanium (b) niobium and (c) Ti–40Nb at 0, 30 and 60 d of immersion in 
artificial blood at room temperature, pH ~ 7.4 at 10 mV AC potential and the open circuit DC potential.

Parameters Ti Nb Ti–Nb Ti Nb Ti–Nb Ti Nb Ti–Nb

0 d 30 d 60 d

Phase angle −80° −73° −74° −81 −82 −79 −70°, −56° −53°, −55° −54°, −55°
Rs (Ω · cm2) 18 17 17 12 15 14 19 17 13

Rp(MΩ · cm2) 2.85 0.56 1.54 2.83 0.50 1.52 2.80 0.48 1.48

C (µF cm−2) 6.02 16.9 7.11 6.08 17.23 7.15 6.12 17.3 7.19

Figure 6. Nyquist plot for titanium, niobium and Ti–40Nb alloy in artificial blood at room temperature, pH ~ 7.4 with an AC 
potential of 10 mV and DC potential of the OCP.

Mater. Res. Express 4 (2017) 075402
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Thus, by the analysis of Rp values, titanium showed superior corrosion resistance. This result supports the 
thermodynamic and electrochemical stability analysis, where Ti grade 2 showed the noblest behavior. Analyzing 
the Ti–40Nb alloy, a high value of polarization resistance of around 106 Ω · cm2 was proved. Scientific literature 
presents polarization resistance values in biological media analysis of the order of around 103 Ω · cm2 for Cr–Co 
alloys and some stainless steels [36]. This indicates that the Ti–40Nb alloy presents similar behavior to titanium 
and to commercial Ti–6Al–4V alloy [40–42].

The capacitance values (10−6 F cm−2 for titanium and Ti–40Nb alloy and, 10−5 F cm−2 for niobium), indicates 
that niobium is subtly more capacitive than the other biomaterials. This may have occurred due to the type of oxide 
that grew on its surface, which, according to the voltammetry results, is a compact oxide with a small thickness, 
but probably less resistive.

In the complex plane or Nyquist diagram (figure 6) the imaginary (Z″) and the real (Z′) components of imped-
ance are indicated for the selected frequency range. In this diagram, while extrapolating the semicircles to the 
real axis (Z′), at the low frequencies (at the right of the spectrum) the system resistance (Rp  +  Rs) is exposed and 
in high frequencies (at the left of the spectrum) the solution resistance value is observed. The resistance data in 
the complex plane diagram clearly demonstrates that the Ti–40Nb alloy had a very similar behavior to titanium. 
This suggests an excellent chemical and electrochemical stability, i.e. a good resistance to corrosion. Finally, this 
indicator proves that this alloy could be considered as a base material for orthopedic implants when compared to 
Ti–6Al–4V alloy which has an Rp of around 106 Ω · cm2 in Ringers and PSB physiological solutions [32]. Moreo-
ver, the solution resistance remained at a low magnitude (~18 Ω), where the acceptable range for electrochemical 
impedance measurements is equal to or smaller than 50 Ω.

Conclusions

The Ti–40Nb alloy obtained in the arc furnace is a biphasic α″  +  β alloy with the presence of ω phase. The results of 
the electrochemical tests indicated that the Ti–40Nb alloy has good thermodynamic stability, and the potential of 
the stationary state was around  −485 mV. The alloy remains electrochemically stable at low current densities and 
with no hysteresis (dissolution/corrosion). This stability may be shown to be due to the presence of a spontaneous 
oxide layer (~5.0 nm) of TiO2 and Nb2O5 growth in the surface. The kinetic data indicated that the Ti–40Nb alloy 
is as resistant to corrosion in artificial blood as Ti; for both biomaterials a resistance of MΩ · cm2 was shown. Thus, 
the Ti–40Nb alloy is an electrochemically and thermodynamically stable metallic alloy which can be considered 
for further research as a potential material for biomedical applications. Due to the amount of niobium involved, 
this would be a low cost biomedical alloy.
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