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A B S T R A C T   

The β-Ti alloys have become very attractive in the area of biomedical materials due to their corrosion resistance, 
biocompatibility, and low elastic modulus as compared with other materials. In this context, the Ti-Nb-Zr ternary 
system has gained more interest because Zr acts as secondary β-Ti stabilizing element when it is added together 
with β-stabilizing element such as Nb or Mo. According to the d-electron theory, the higher the Zr content, the 
lower elastic modulus values are obtained, which would allow to produce alloys with low elastic modulus, 
corrosion resistance, and shape memory. However, determining the ideal amount of Zr in a Ti-Nb-Zr alloy is still 
a matter of investigation. In this work, alloys with a nominal chemical composition of Ti80− x-Nb20-Zrx (x = 5, 10, 
20, 30, and 40 at%) were produced by electric arc casting. The results show that the addition of Zr causes a 
decrease in both the elastic modulus and the hardness of the molten alloys, reaching values of 50.5 GPa for a 
sample with 40 at% Zr. The increase in the Zr content caused a microstructural difference between the phases, 
and the α” phase was detected for the Ti80Nb20, Ti75Nb20Zr5, and Ti60Nb20Zr20 alloys. The X-ray photoelectron 
spectroscopy (XPS) analysis revealed that the environment influences the Ti-Nb-Zr surfaces, showing the growth 
of oxide layers, mainly Ti, Zr and, to a lesser extent, Nb oxides. All alloys with different Zr amounts showed wide 
passivation regions and no sign of pitting in the potential range that is characteristic of the human body. The Ti- 
Nb-Zr alloys showed good compatibility in cell growth tests, with the best results for the 20 at% Zr alloy, and a 
decrease in biocompatibility for higher Zr amounts due to reactions of Zr4+ with body fluids.   

1. Introduction 

Titanium and its alloys have been one of the most studied metallic 
materials for biomedical applications due to their good mechanical 
properties, corrosion resistance, and biocompatibility, as compared to 
stainless steels and cobalt based alloys, which are traditionally used in 
orthopedic implants [1–3]. β-phase Ti alloys stand out due to their low 
elastic modulus, which is an intrinsic property of the material that is 
associated with the charge transfer between the implant and the tissue 
around it, both in volume and on the surface [4–8]. For comparison, the 
elastic modulus values for AISI 316 L stainless steel and Co-Cr alloys, 
which are the most used metallic biomaterials in implants, are 210 and 

210–240 GPa, respectively, while for the Ti-based alloys are in the range 
of 40–110 GPa, much closer to cortical bones (15–30 GPa) [8,9]. Among 
the β-Ti alloys, the Ti-Nb system is attractive due to the beneficial in
fluence of Nb on the Ti properties. Nb is a non-toxic and non-allergenic 
element, and its addition to Ti causes a decrease in the elastic modulus 
[3]. The Ti-Nb system also presents superelasticity (shape memory), for 
22–25 at% Nb, and superplasticity, for 25.5–27 at% Nb, [5,10,11]. 
Different authors have reported that the composition range between 16 
and 26 at% shows the best balance of mechanical properties, biocom
patibility, and corrosion resistance, in addition to large stress-induced 
deformations [12–15]. However, for Nb amount in the range of 
13–23 at%, the metastable ω-Ti phase can be formed, and it exhibits the 
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highest elastic modulus among all phases formed in titanium alloys 
[13–16]. Therefore, the precipitation of this ω phase leads to an increase 
in both the elastic modulus and the hardness [13,15,17]. In order to 
control the mechanical properties, the microstructure, and the obtained 
phases, ternary elements are added to the Ti-Nb system, with zirconium 
being the most attractive one due mainly to the suppression of the ω and 
the martensitic phases, reducing the transformation temperature Ms 
[18,19]. Moreover, the addition of Zr decreases the critical stress for 
sliding deformation, which increases the deformation induced by the 
phase transformation, improving the superelastic behavior and the 
shape memory effect [20–23]. Although Zr is considered a neutral 
element for the stabilization of the β phase, when added together with a 
β stabilizing element, such as Nb, Ta, and Mo, it increases the β stabi
lizing effect [20,24–28]. The addition of Zr in alloys with a Nb content 
greater than 20 at% also produces a refinement of the interdendritic 
spacing, generating a more homogeneous structure that improves the 
corrosion resistance [29] and facilitates the recrystallization processes 
[30]. 

All these advantages have converted the Ti-Nb-Zr alloys into one of 

the most studied systems regarding biomedical applications, with the 
aim of establishing the optimal composition and processing type. The 
methods of calculating the molecular orbital (d-electron theory) [18,21, 
31,32] and the molybdenum equivalent [7,33,34] have allowed for the 
development of many combinations of concentrations and processes, 
most of which are focused on the effect of thermomechanical processes 
[18,26,30,35–43] and the impact of replacing Nb with Zr on superelastic 
properties [20,22,44–48]. However, the study of the metallurgical as
pects for high Zr concentrations (upper right region of the Bo, Md dia
gram) as well as the effect of replacing Ti by Zr on mechanical, 
electrochemical, and biological properties have been little explored. 
Thus, the purpose of the present work was to evaluate the effect of the 
addition of Zr on the physicochemical, electrochemical, and biological 
properties of the Ti-Nb20 system. 

2. Experimental setup and methodology 

Ti80Nb20, Ti75Nb20Zr5, Ti60Nb20Zr20, Ti50Nb20Zr30, and Ti40Nb20Zr40 
alloy ingots were produced from pure metals using arc melting with a 
suction casting system, model Edmund Bulher D-72411. Bars having 12 
mm in diameter and 110 mm in length were obtained, and these bars 
were subsequently cut to form disks with a thickness of 2 mm for the 
different analyzes. This casting process has high cooling rates (water 
quenching), being similar to the solubilization process that facilitates 
obtaining the single β phase in these alloys [46]. 

The structural characterization was carried out using a Bruker 
diffractometer, model D8 Advance ECO, in Bragg-Brentano mode (θ / 
2θ), using Cu Kα radiation (λ = 1.5405 Å), an acceleration voltage of 40 
kV, and a current of 20 mA. Peak indexing was done with the help of the 
Inorganic Crystal Structure Database (ICSD). 

The hardness measurements were performed according to the ASTM 
E384 standard, using a Shimadzu microdurometer, model HMV-G 20ST, 
the load applied load was 500 g-force (gf) with a standardized load time 
of 15 s. The elastic modules were evaluated using the impulse excitation 
technique according to the ASTM E1876 standard. The equipment used 
was an ATCP Sonelastic with a sample holder suitable for small samples 
connected to a computer, with dedicated software for signal processing 
developed by the manufacturer. Two types of cylindrical specimens 
were used: the first one having 12 mm in diameter and 110 mm in length 
and the second one having 5 mm in diameter and 32 mm in length. 

The scanning electron microscopy (SEM) morphological character
ization was used to observe the microstructures of the alloys, as well as 
the sample surfaces after the cell growth tests. The SEM analyzes were 
performed using a FEI Inspect S50 microscope, to which was attached an 
energy dispersive spectroscopy (EDS) system having an Oxford Link 
Tentafet X-ray detector. 

The compositions of the passive layers before and after the electro
chemical polarization tests were assessed by X-ray photoelectron spec
troscopy (XPS) analyzes using a Scienta Omicron spectrometer, model 
Esca+, with a monochromatic Al Kα X-ray source (hν = 1486.6 eV). The 
spectrometer was calibrated using as binding energy references the Cu 
2p3/2, Ag 3d5/2, and Au 4f7/2 peaks for pure Cu, Ag, and Au samples at 
932.6 eV, 368.2 eV, and 84.0 eV, respectively. The effects of electrostatic 
charging on the surface were corrected using the C 1s peak of adventi
tious carbon from the hydrocarbon-rich environment at a binding en
ergy of 284.8 eV as a standard. For each sample, not only the wide scan 
spectrum, but also the high-resolution spectra were recorded for the C 
1s, O 1s, Ti 2p, Zr 3d, and Nb 3d peaks. The data analysis was performed 
using the Casa XPS © software. 

The electrochemical polarization tests were carried out using a 
Gamry Reference 3000 electrochemical system using a conventional 
three-electrode cell with a Pt foil as counter electrode, Ag/AgCl (satu
rated KCl) electrode with a salt bridge as reference electrode (Ag/AgCl), 
and samples of the different titanium alloys as the working electrodes 
(0.2 cm2 of exposed area). The measurements were taken in two natu
rally aerated solutions at 25 ◦C: brine (3.5 % NaCl) and Ringer 

Fig. 1. XRD diffractograms for the Ti80Nb20, Ti75Nb20Zr5, Ti60Nb20Zr20, 
Ti50Nb20Zr30, and Ti40Nb20Zr40 alloys. 

Fig. 2. XRD β phase (110) peak shifts caused by the Zr addition.  
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(simulated body fluid). Ringer’s solution is an isotonic solution with the 
composition of electrolytes from the extracellular fluid, which is used as 
a supplement of mineral salts and water for hydration, having the 
following composition: 8.0 g/L NaCl, 0.33 g/L CaCl2, and 0.3 g/L KCl. 
Before the electrochemical tests, the samples were exposed to the so
lutions and then subjected to open circuit conditions until a steady-state 
potential was reached. This procedure was accomplished in 1 h and the 
potential value obtained was considered the open-circuit potential 

(Eoc). The electrochemical polarization measurements were recorded at 
sweep rates of 1 mV/s, starting from a potential of − 500 mV below Eoc 
to a potential of 1500 mVAg/AgCl. After, the polarization scan was 
reversed starting from a potential of 1500 mV mVAg/AgCl to a potential 
of 1200 mVAg/AgCl. To ensure good reproducibility, the measurements 
were performed in triplicate and the average values were considered. 
The analyses of electrochemical polarization curves were carried out 
using Echem Analyst™ Software from Gamry Instruments. For 
comparative purposes, the corrosion current density (icorr) was esti
mated by means of the extrapolation of cathodic and anodic branches 
back to the corrosion potential (Ecorr). 

The evaluation of the cell growth was performed using human um
bilical cord matrix derived mesenchymal stromal cells (hUCM-MSCs) 
(Ethics Committee Protocol HCRP 920/2009) [49,50]. All studies were 
carried out with the same cell donor. The culture medium consisted of 
Alpha Minimum Essential Medium (α-MEM) without phenol red, sup
plemented with 10 % (v/v) fetal bovine serum (FBS), penicillin (10,000 
U/mL)/streptomycin (10,000 μg/mL) antibiotic solution, glucose (1 
g/L), glutamine (0.365 g/L), arginine (0435 g/L), Hepes (4.289 g/L), 
and sodium bicarbonate (126 g/L). A suspension of hUCM-MSCs were 
seeded at a density of 1.9 × 103 cells or 20,000 cells/cm2 onto each 
sample of TiNbZr alloy that had been previously sterilized In an auto
clave at 121 ◦C and 14.5 psi (about 1 bar) for 30 min, and the alloy 
samples were arranged in a 24-well plate. During the experiments, a 
positive and negative control, corresponding to cells inoculated on a 
polystyrene surface of a 24-well plate and PVC sample, respectively, 
were used as a reference. All samples were placed into a standard 
incubator with 5 % CO2 at 37 ◦C. Cell adhesion and proliferation were 
examined in each sample after 4, 24, 48, and 72 h by using the MTT 
colorimetric method with the in vitro toxicological kit. The micro
carriers were prepared according to the manufacturer’s instructions and 
were analyzed by a Thermo Scientific spectrophotometer, model Mul
tiskan FC, at 590 nm. After 4 h of culture 1 mL of medium was added to 
avoid those cells dropped on the polystyrene face of the well. 

The cell morphology was analyzed by SEM after 4 and 72 h. For this 
purpose, the cells were initially washed in phosphate-buffered saline 

Fig. 3. BSE/SEM micrographs for the (a) Ti80Nb20, (b) Ti75Nb20Zr5, (c) Ti60Nb20Zr20, (d) Ti50Nb20Zr30, and (e) Ti40Nb20Zr40 alloys.  

Table 1 
Elastic modulus and hardness values for the Ti-Nb-Zr alloys.  

Alloys Elastic modulus (GPa) Hardness (Hv) 

Ti80Nb20 61.4 ± 1.1 304 ± 8 
Ti75Nb20Zr5 51.3 ± 1.0 200 ± 15 
Ti60Nb20Zr20 47.3 ± 0.9 230 ± 10 
Ti50Nb20Zr30 52.7 ± 1.0 253 ± 11 
Ti40Nb20Zr40 50.5 ± 0.9 248 ± 13  

Table 2 
Atomic ratios obtained by EDS for the Ti-Nb-Zr alloys.  

Alloy Ti/ (Ti+Nb+Zr) Nb/ (Ti+Nb+Zr) Zr/ (Ti+Nb+Zr) 

Ti75Nb20Zr5  77  18  5 
Ti60Nb20Zr20  59  21  20 
Ti50Nb20Zr30  49  20  31 
Ti40Nb20Zr40  40  20  40  

Table 3 
Atomic ratios obtained by XPS for the Ti-Nb-Zr alloys.  

Alloy Ti/ (Ti+Nb+Zr) Nb/ (Ti+Nb+Zr) Zr/ (Ti+Nb+Zr) 

Ti75Nb20Zr5  77  16  7 
Ti60Nb20Zr20  60  16  24 
Ti50Nb20Zr30  54  17  29 
Ti40Nb20Zr40  42  17  41  
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(PBS) at 37 ◦C and then fixed in 2 % (v/v) glutaraldehyde 50 % in 0.1 M 
cacodylate buffer and 0.1 M sucrose at 4 ◦C for 12 h, followed by six 
washes with 0.1 M cacodylate buffer. After washing, the samples were 
immersed in a solution of 1 % osmium tetroxide and 0.1 M cacodylate 
buffer for 1 h. Then, the solution was replaced by tannic acid in 0.1 M 
cacodylate buffer for 1 h. Next, the samples were dehydrated through a 
graded ethanol series (30 %, 50 %, 70 %, 80 % and 90 %) for 10 min 
each and three times at 100 % and dried in hexamethyldisilazane. 
Finally, the samples were coated with gold and examined by SEM. 

3. Results and discussion 

It should be pointed out that the manufacturing process of the Ti-Nb- 
Zr alloy samples occurred in a short period of time (solidification) and 

that the copper mold brought about cooling rates that could be 
considered high, depending on the thermal sensitivity of the alloys. 
These two facts would allow for the formation of metastable phases in 
the microstructures, similar to the homogenization process. It is 
important to note that in such a process the cooling occurs without the 
presence and interference of oxygen nor other interstitial elements; 
therefore, the formed phases, as well as the obtained properties, will be 
mainly influenced by the content of the alloy elements and cooling rates. 

Fig. 1 exhibits the diffractograms for the Ti80Nb20, Ti75Nb20Zr5, 
Ti60Nb20Zr20, Ti50Nb20Zr30, and Ti40Nb20Zr40 alloys. It was detected the 

Fig. 4. XPS spectra for the Ti60Nb20Zr20 alloy sample: (a) Ti 2p, (b) Nb 3d, (c) Zr 3d, and (d) O 1 s.  

Table 4 
Binding energies (in eV) obtained by XPS for the Ti-Nb-Zr alloys.  

Alloy Ti 2p3/2 BE (eV) Nb 3d5/2 BE (eV) Zr 3d5/2 BE (eV) 

Ti75Nb20Zr5 453.3 (4 %) 
455.0 (3 %) 
457.2 (20 %) 
458.6 (73 %) 

202.2 (26 %) 
203.7 (10 %) 
205.2 (10 %) 
207.4 (54 %) 

178.8 (5 %) 
182.8 (95 %) 

Ti60Nb20Zr20 454.2 (4 %) 
455.9 (6 %) 
456.8 (6 %) 
458.8 (84 %) 

202.3 (11 %) 
203.8 (9 %) 
205.6 (14 %) 
207.5 (66 %) 

178.2 (2 %) 
182.4 (98 %) 

Ti50Nb20Zr30 453.5 (5 %) 
455.5 (5 %) 
456.9 (6 %) 
458.6 (84 %) 

202.8 (5 %) 
205.1 (4 %) 
207.7 (91 %) 

178.1 (3 %) 
182.4 (97 %) 

Ti40Nb20Zr40 454.4 (2 %) 
455.3 (2 %) 
456.5 (2 %) 
459.0 (94 %) 

202.5 (8 %) 
204.2 (2 %) 
207.3 (90 %) 

178.6 (5 %) 
182.9 (95 %)  

Fig. 5. Cyclic potentiodynamic polarization curves for the Ti80Nb20, 
Ti75Nb20Zr5, Ti60Nb20Zr20, Ti50Nb20Zr30, Ti40Nb20Zr40 alloys immersed in 
Ringer’s solution. 
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β phase, identified by the (110), (200), (211), and (220) diffraction 
peaks, which coincide with the ICSD card No. 44391. Two low-intensity 
peaks were also detected for the Ti75Nb20Zr5 alloy, and they are asso
ciated to the (021) and (022) diffraction planes of the martensitic α”-Ti 
phase. The formation of this α” phase was suppressed by higher amounts 
of Zr. The widening of the main (110) peak and the (200) peak for the 
Ti80Nb20 sample could indicate the presence of the martensitic α” phase. 
The peak position shifts with the increasing amount of Zr, as can be seen 
in Fig. 2 for the (110) peak, are due to changes in the lattice parameter 
[48], which varies from 3.201 to 3.407 Å for the Ti80Nb20 and 
Ti40Nb20Zr40 alloys, respectively. 

Fig. 3 exhibits SEM-(BSE) micrographs mode for the (a) Ti80Nb20, (b) 
Ti75Nb20Zr5, (c) Ti60Nb20Zr20, (d) Ti50Nb20Zr30, and (e) Ti40Nb20Zr40 
alloys, where the presence of the martensitic α” phase was detected for 
both Ti80Nb20 and Ti75Nb20Zr5 samples, corroborating the XRD results. 
The Ti80Nb20 alloy (Fig. 3(a)) presents a dendritic microstructure of β 
phase (center of the ingot). The increase in the cooling rate, character
ized by the grains oriented in the direction of the heat extraction, leads 
to overcoming the limit of the martensitic transformation, yielding to 
the formation of the α” phase within the β matrix. This result agrees with 
previously reported findings indicating that the increase in the cooling 
rate favors the growth of the martensitic phase α” for a Ti-20 Nb (wt%) 
alloy [51]. 

The addition of Zr affects both the formed phases and the thermal 
sensitivity of the alloys. It can be observed in Fig. 3(b) for the sample 
with 5 at% Zr a decrease in the grains oriented in the direction of heat 
extraction and the appearance of equiaxial grains of the α” phase around 
the grains of the β phase. For the samples with 20, 30, and 40 at% Zr, a 
suppression of the martensitic phase with an increase of the Zr content 
was observed, together with a decrease in the grains oriented in the 
direction of heat extraction and an increase in the equiaxial grain sizes 

for the β phase (Fig. 3(c), (d), and (e)) in the center. The ω phase was not 
detected for any of the analyzed samples. These results are consistent 
with reports on the effect of the Zr addition to the Ti-Nb alloys on the 
suppression of both α” and ω phases [22,29,30,40,42]. 

The evolutions of the elastic modulus and hardness with the increase 
of the Zr content are shown in Table 1. In general terms, the addition of 
Zr causes the decreases in both the elastic modulus and hardness, ac
cording to several reports [18,20,21,28,52]; however, there are different 
mechanisms that could count for these decreases. The decrease in the 
elastic modulus for the samples with lower Zr contents (5 and 20 at% Zr) 
can be attributed to the transformation of the martensitic α” phase into 
the β phase. The samples with 30 and 40 at% Zr present slightly higher 
elastic moduli compared to the sample with 20 at% Zr, and this can 
occur since Zr has an atomic radio greater than Ti and Nb, so the Zr 
addition to the alloy causes a lattice distortion that yields changes in the 
elastic modulus. In the case of hardness, a similar behavior occurs, but 
the martensitic phase causes a smaller decrease in hardness as compared 
with the β phase samples. This could be explained by a decrease in the 
bonding forces by a distortion of the crystal lattice which yields the 
characteristics of superelasticity and superplasticity exhibited by the 
β-Ti alloys [10,48,52–55]. 

The chemical compositions, expressed by the Ti/(Ti+Nb+Zr), Nb/ 
(Ti+Nb+Zr), and Zr/(Ti+Nb+Zr) atomic ratios, were obtained by EDS 
and XPS for the Ti-Nb-Zr alloys and are presented in Tables 2 and 3, 
respectively. The bulk contents assessed by EDS (Table 2), considering 
only the constituent metals (oxygen was also detected), present minor 
variations compared to the nominal values. The near-surface composi
tions evaluated by XPS (Table 3), considering only the constituent 
metals (carbon and oxygen were also detected), do not differ signifi
cantly from the bulk ones. It should be pointed out that carbon is usually 
detected by XPS, and it is due to adsorbed hydrocarbon molecules from 
the environment; oxygen also is detected, and it is due to adsorbed CO 
and H2O, and metallic oxides formed on the surface [55]. 

High resolution XPS Ti 2p, Nb 3d, and Zr 3d, and O 1 spectra were 
acquired for all Ti-Nb-Zr alloy samples, and Fig. 4 displays them for the 
Ti60Nb20Zr20 sample as a representation of the behavior of all studied 
samples. The Ti 2p spectra were fitted with four components for each 
spin-orbit doublet, the Nb 3d spectra were fitted with four components, 
for the Ti75Nb20Zr5 and Ti60Nb20Zr20 alloys, or three components, for 
the Ti50Nb20Zr30 and Ti40Nb20Zr40 alloys, for each spin-orbit doublet, 
the Zr 3d spectra, with two components for each spin-orbit doublet, and 
the O 1s spectra, with three components for each peak. The binding 
energies for the Ti 2p3/2, Nb 3d5/2, and Zr 3d5/2 components are sum
marized in Table 4. The numbers in parenthesis are the atomic per
centages of the components of each peak. 

The Ti 2p3/2 peak for each Ti-Nb-Zr alloy sample was deconvoluted 
into four components, as shown in Fig. 4(a). The predominant compo
nent with binding energies in the range of 458.6–459.0 eV corresponds 
to TiO2, the one at 456.5–457.2 eV corresponds to Ti2O3, the one at 
455.0–455.9, to TiO, and the one at 453.3–454.4 eV, to metallic tita
nium (Ti0) [56,57]. Fig. 4(b) displays the Nb 3d spectrum for the 
Ti60Nb20Zr20 alloy having four spin-orbit doublets. The main Nb 3d5/2 
component at 207.3–207.7 eV corresponds to Nb2O5, the one at 
205.1–205.6 eV, to Nb2O3, the one at 203.7–204.2 eV, to NbO, and the 
one at 202.2–202.5 eV, to metallic niobium (Nb0) [57]. The Zr 3d5/2 
peak was fitted with two components for all four samples (Fig. 4(c)): the 
main one at 182.4–182.9 eV corresponds to ZrO2 and the component at 
178.1–178.8 eV, to metallic zirconium (Zr0) [55]. The O 1s peak can be 
deconvoluted with three components (Fig. 4(d)): the main one at 
530.2–530.6 eV can be attributed to metallic oxides, the one at 
531.5–532.4 eV, to adsorbed CO, and the one at 532.7–533.4 eV, to 
adsorbed H2O. 

These XPS results indicate that the environment affects the Ti-Nb-Zr 
alloys. This is evidenced by the growth of metal oxide layers on the alloy 
surfaces: titanium, zirconium, and, to a lesser extent, niobium oxides. 
The presence of low amounts of the constituent elements in the metallic 

Fig. 6. Cyclic potentiodynamic polarization curves for the Ti80Nb20, 
Ti75Nb20Zr5, Ti60Nb20Zr20, Ti50Nb20Zr30, Ti40Nb20Zr40 alloys immersed in 
NaCl solution. 

Table 5 
Electrochemical parameters for the Ti80− xNb20Zrx (x = 0, 5, 10, 20, 30, and 
40 at%) alloys in Ringer’s and 3.4% NaCl solutions.  

Alloy Ringer NaCl 

Ecorr (mVAg/AgCl) Icorr (nA) Ecorr (mVAg/AgCl) Icorr (nA) 

Ti80Nb20  -4.92  1.87  -4.96  3.43 
Ti75Nb20Zr5  -4.9  2.22  -4.8  4.34 
Ti60Nb20Zr20  -4.97  1.99  -4.82  2.61 
Ti50Nb20Zr30  -4.98  1.69  -4.81  2.21 
Ti40Nb20Zr40  -4.96  1.33  -4.96  1.51  
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state in the spectra of Fig. 4 could indicate that the formed oxide layers 
have small thicknesses. An oxide layers is formed when the alloy surface 
is exposed to the atmosphere, and water is absorbed on it and forms a 
highly oxygenated film that attacks the alloy surface, generating the 
growth of oxidized film that can have its thickness increased over time, 
depending on the alloy reactivity [58,59]. 

Subsequently, the electrochemical characterization of the Ti-Nb-Zr 
was carried out using a physiological Ringer’s solution that simulates 
the environment that the medical implant materials are subjected to, 
and a solution that simulates the marine environment (NaCl 3.5 %). 
Figs. 5 and 6 display the typical cyclic potentiodynamic polarization 
curves obtained in Ringer’s and NaCl solutions, respectively, for the 
Ti80Nb20, Ti75Nb20Zr5, Ti60Nb20Zr20, Ti50Nb20Zr30, Ti40Nb20Zr40 alloys. 

In both Figs. 5 and 6, the active and passive regions of the alloys 
exposed to the different electrolytes can be identified from the curves. 
The passive region is characterized by the zone where the current den
sity remains low and almost constant. When the passivation is lost, an 
abrupt and significant increase in the current density occurs due to the 
localized breakdown of the passive film of the material by chloride ions 
(triggering pitting), and this zone corresponds to the pitting region. For 
all tested samples, a similar polarization behavior was observed for all 
compositions, with corrosion potential (Ecorr) values very close to each 
other and broad passive regions. In addition, all samples did not present 
any pitting corrosion signal and remained in the passive state up to the 
potential value of 1500 mVAg/AgCl. This is well above the maximum rest 
electrochemical potential values reported for implant materials under in 
vivo conditions, which are of the order of + 400 mV [60], and it thus 
indicates a high resistance to localized corrosion phenomena. This was 

corroborated with the negative hysteresis in the reverse scan after 
reaching the maximum estimated value. Table 5 summarizes the elec
trochemical parameters (i.e., Ecorr and icorr) determined from the 
potentiodynamic polarization curves for the Ti80− xNb20Zrx (x = 0, 5, 10, 
20, 30, and 40 at%) alloys. Fig. 7 exhibits the BSE/SEM micrographs 
that were obtained after the alloy samples had been submitted to the 
potentiodynamic cyclic tests in the Ringer’s and NaCl solutions. No 
pitting is observed in these micrographs. These results verify the sta
bility and self-regeneration of the passive layer of titanium and its alloys, 
with a broad and clear passive zone and no signs of a localized break
down of the passive film (i.e., no pitting corrosion initiation) [61–63]. 

The variations shown before the stabilization of the passivation re
gion for all tested samples are due to the dissolution of the lesser stable 
Ti and Nb oxides that alters the characteristics of the passive layer [63, 
64]. The XPS analyses carried out after the potentiodynamic cyclic tests 
in the Ringer’s and NaCl solutions corroborate these two phenomena: 
the dissolution of less stable oxides and changes in the composition of 
the passive layers. Fig. 8 displays the high resolution (a) Ti 2p, (b) Nb 3d, 
and (c) Zr 3d spectra for the Ti60Nb20Zr20 alloy sample (the other 
Ti-Nb-Zr alloy samples have very similar spectra) recorded after the 
potentiodynamic tests in the Ringer’s solution, (d) Ti 2p, (e) Nb 3d, and 
(f) Zr 3d spectra for the same alloy sample after the tests in the NaCl 
solution; these spectra are associated to only one chemical state each: 
TiO2, Nb2O5, and ZrO2. In contrast, the spectra shown in Fig. 4 for the 
same sample, but recorded before the potentiodynamic tests, have peak 
components associated not only to those more stable oxides, but also to 
the metallic contributions (Ti0, Nb0, and Zr0) and less stable Ti and Nb 
oxides. Table 6 shows the atomic ratios obtained by XPS for the Ti-Nb-Zr 

Fig. 7. BSE/SEM micrographs for the (a) Ti75Nb20Zr5 (Ringer’s), (b) Ti60Nb20Zr20 (NaCl), (c) Ti50Nb20Zr30 (Ringer’s), and (d) Ti40Nb20Zr40 (3.5% NaCl) alloys 
obtained after the potentiodynamic polarization tests in different solutions. 
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alloys after the potentiodynamic cyclic tests in the Ringer’s and NaCl 
solutions, considering only the constituent metals (carbon and oxygen 
were also detected). The comparison of the atomic ratios in Table 6 with 
the values in Table 3 indicates an enrichment of both Nb and Zr, and a 
decrease in Ti concentration. The increase in Zr content can be explained 
by the free energies of the oxide formation. The ZrO2 has the most 
negative value among the constituent elements, followed by TiO2 and 
Nb2O5, respectively [63,65–67]. Furthermore, recent studies indicate 
that the increasing addition of Nb in the Ti-Nb-Zr alloys improves the 
stability of passive layers and increases the relative proportion of all 
metallic oxides [63]. This would explain the proportional increase for all 
compositions after the corrosion tests. 

The adhesion of mesenchymal stromal cells is one of the most 
important processes after inoculation, as it is essential to allow 
spreading and proliferation on a surface. During this process, not only 
the surrounding environment but also the properties of the surface are 
responsible for the cell adhesion and function [68,69]. Thus, the cell 
adhesion and proliferation of hUCM-MSCs on Ti-Nb-Zr alloy samples 
and the cell morphology after 4 and 72 h of culture were analyzed. 
Figs. 9 and 10 display BSE/SEM micrographs showing the cell 
morphology after 4 h (Fig. 9) and 72 h (Fig. 10) of incubation for the (a) 
Ti75Nb20Zr5, (b) Ti60Nb20Zr20, (c) Ti50Nb20Zr30, and (d) Ti40Nb20Zr40 
alloy samples. It can be observed in Fig. 9 viable cells still exhibiting a 
stretched and rhomboid shape with filopodia, acting as fingers that 

assist the adhesion and migration processes [70], which is common in 
healthy cells when cultured in monolayer [71]. Additionally, clusters of 
cells can be still observed in some surface stretches due to the inocula
tion being realized with a drop of cells and only after 4 h, 1 mL of me
dium was added. After 72 h (Fig. 10), the cells maintained their typical 
spindle-like morphology and already had started to proliferate and 
widespread onto the surface, resulting in a network pattern connecting 
the cells with their neighbors. 

Fig. 11 shows the absorbance results for the metabolically active cells 
on the Ti80− x-Nb20-Zrx (x = 0, 5, 10, 20, 30, and 40 at%) alloy surfaces 
obtained by MTT colorimetric assay after 4,24,48, and 72 h. It can be 
observed that the cells on all sample surfaces maintained a gradual 
proliferation over time; however, a drastic increment in the cell density 
occurred between 48 and 72 h. These results indicate that there is a 
relationship between the Zr content and cell growth. For Zr amounts of 5 
% and 20 % at., there is an increase in the cell growth; however, for 
higher values (30 % and 40 % at. of Zr), there is a gradual decrease in the 
cell growth. 

Although zirconium oxide is considered to be biocompatible 
[67–69], it has an inhibitory effect on cell proliferation [71–74] since 
Zr+4 reacts with body fluids and forms zirconium phosphate on the 
surface instead of calcium phosphate (apatite), influencing the adsorp
tion of proteins (integrins), which affects both growth and cell prolif
eration [75], [76]. Thus, the increase in the Zr content may be 
detrimental to the assimilation of the implant by the organism, delim
iting the use of the Ti50Nb20Zr30 and Ti40Nb20Zr40 alloys in short-term 
bone fixation applications. In general, all the studied alloys showed 
good behavior, with the Ti60Nb20Zr20 alloy presenting growth values 
higher than the positive control, and a satisfactory performance for the 
alloys with higher Zr content (30 and 40 at%). 

4. Conclusions 

Ti80− x-Nb20-Zrx (x = 5, 10, 20, 30, and 40 at%) alloys were produced 
and characterized, and the influence of the addition of Zr on the phys
icochemical, electrochemical, and biological properties of the Ti-Nb20 

Fig. 8. (a) Ti 2p, (b) Nb 3d, and (c) Zr 3d spectra for the Ti60Nb20Zr20 alloy sample recorded after the potentiodynamic tests in the Ringer’s solution; (d) Ti 2p, (e) Nb 
3d, and (f) Zr 3d spectra for the same alloy sample after the tests in the NaCl solution. 

Table 6 
Atomic ratios obtained by XPS for the Ti-Nb-Zr alloys after the potentiodynamic 
tests in the Ringer’s and NaCl solutions.  

Alloy Ti/ (Ti+Nb+Zr) Nb/ (Ti+Nb+Zr) Zr/ (Ti+Nb+Zr) 

Ringer NaCl Ringer NaCl Ringer NaCl 

Ti75Nb20Zr5  0.59  0.60  0.31  0.29  0.10  0.11 
Ti60Nb20Zr20  0.43  0.39  0.28  0.29  0.29  0.32 
Ti50Nb20Zr30  0.33  0.29  0.28  0.30  0.39  0.41 
Ti40Nb20Zr40  0.25  0.25  0.24  0.26  0.51  0.49  
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Fig. 9. BSE/SEM micrographs showing the cell adhesion on the Ti-Nb-Zr alloys after 4 h of incubation: (a) Ti75Nb20Zr5, (b) Ti60Nb20Zr20, (c) Ti50Nb20Zr30, and (d) 
Ti40Nb20Zr40. 

Fig. 10. BSE/SEM micrographs showing the cell adhesion on the Ti-Nb-Zr alloys after 72 h of incubation: (a) Ti75Nb20Zr5, (b) Ti60Nb20Zr20, (c) Ti50Nb20Zr30, and (d) 
Ti40Nb20Zr40. 
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alloys was investigated. The main conclusions drawn from this investi
gation can be summarized as follows:  

(1) The addition of Zr favored the stabilization of the β phase for 
percentages equal or higher than 20 at%. For both Ti80Nb20 and 
Ti75Nb20Zr5 alloys, the α” phase was detected inside the β grains.  

(2) The addition of Zr caused a decrease in the elastic modulus and 
hardness, with a minimum for the alloy with 20 at% Zr. This 
decrease for the alloys with lower Zr contents was associated with 
the transformation of the α” phase into the β phase. Higher Zr 
contents induced a crystal lattice distortion that yields changes in 
the elastic modulus that caused a slight increase in the elastic 
modulus.  

(3) The XPS results indicated that the environment affected the Ti- 
Nb-Zr alloys, and this was evidenced by the growth of metal 
oxide layers on the alloy surfaces: titanium, zirconium, and, to a 
lesser extent, niobium oxides. After the potentiodynamic cyclic 
tests in the Ringer’s and NaCl solutions, XPS indicated the 
dissolution of less stable oxides and changes in the composition of 
the passive layers. Only the most stable oxides (TiO2, Nb2O5, and 
ZrO2) were detected. Enrichment of both Nb and Zr, and a 
depletion of Ti were revealed.  

(4) The cell growth tests indicated a good performance for the alloy 
containing 5 at%, a better performance for the alloy containing 
20 at%, and satisfactory performance for the alloys with higher 
Zr content (30 and 40 at%). 
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[30] J. Málek, F. Hnilica, J. Veselý, B. Smola, K. Kolařík, J. Fojt, M. Vlach, V. Kodetová, 
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