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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Two new titanium alloys with non-toxic 
elements and near β structure were 
analyzed.

• The passive film formed on the surface 
of both alloys is compact and protective.

• The increasing of Mo content signifi
cantly enhanced the corrosion 
resistance.
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A B S T R A C T

Titanium alloys have gained a solid reputation in the field of biomedicine due to their exceptional biocompat
ibility. However, it is important to note that some of these alloys do release toxic ions, which could potentially 
limit their application in sensitive scenarios. This study examines two new titanium alloys, TixMo15Ta7Zr (x =
15, 20 wt%) and it designed these alloys to overcome certain challenges by including helpful elements like 
molybdenum (Mo), tantalum (Ta) and zirconium (Zr). Advanced metallography, scanning electron microscopy, 
X-ray diffraction, microhardness measurements and electrochemical testing conclusively showed that the 
importantly elevated Mo content substantially improves corrosion resistance (with a corrosion rate value of 0.64 
μm year− 1) by promoting the formation of an importantly more flexible passive layer, while simultaneously 
maintaining mechanical properties closely comparable to those of conventional titanium biomaterials possessing 
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Vickers hardness values around 350 HV. These findings show that an important number of these alloys represent 
a revolutionary, promising solution for biomedical implants that are safer as well as more durable.

1. Introduction

Since its discovery by William Gregor in 1791, titanium has been 
recognized for its distinctive combination of strength, durability, and 
biocompatibility, which has made it a pivotal component in a diverse 
range of applications, including aerospace and modern medicine [1,2]. 
This metal is of particular value in the medical field, where it is utilized 
in orthopedic and dental implants, as well as an array of medical de
vices, due to its capacity to integrate with the human body without 
eliciting adverse reactions and it has the capacity to generate a passive 
film that serves as a protective barrier against external stimuli (TiO2) 
[3].

However, the utilisation of commercial titanium alloys in biomedical 
applications is not without certain problems. Cp-Ti is recognized for its 
high biocompatibility, however, its mechanical and corrosion resistance 
in physiological environments is inadequate for numerous critical ap
plications [4]. Additionally, the Ti–6Al–4V alloy utilized in orthopedic 
and dental implants has been linked to the development of allergies and 
other illnesses, including Alzheimer’s and Parkinson’s disease, due to 
the incorporation of aluminum (Al) and vanadium (V) [5,6]. In contrast, 
the Ti–6Al–7Nb alloy was developed to enhance biocompatibility and is 
employed in prosthetics and medical devices. However, it necessitates 
the presence of a robust protective coating [7,8]. Nitinol (TiNi), which is 
optimal for use in vascular stents and guidewires in minimally invasive 
surgery due to its capacity to revert to its original configuration, has the 
potential to release nickel, which can elicit allergic reactions and induce 
a range of cardiovascular and renal disorders [9].

To address these limitations, new titanium alloys composed of non- 
toxic elements such as Si, Ga, Zr, Ta and Mo, are under investigation. 
These elements have unique qualities that set them apart from com
mercial alloys, in addition to avoiding the dangers that come with using 
materials like Al, V, or Ni. One of the most important components of 
human biology is silicon, which is essential for the biological processes 
that promote the formation of new bone and connective tissues [10]. 
Gallium also reduces the risk of infections by exhibiting antibacterial 
qualities and contributing to biocompatibility [11]. Molybdenum, a 
β-stabilizing element with a low toxicity, has been studied for its po
tential to create Ti–Mo alloys, producing a stable oxide coating (MoO3), 
preventing titanium corrosion, especially when present in optimized 
concentrations between 15 % and 20 %, improving the mechanical 
properties, and being thermally stable [12,13]. Tantalum is also a 
β-stabilizer that, at concentrations above 15 %, enhances biocompati
bility, facilitating the formation of bone tissue around implants [14]. 
Zirconium is becoming a desired substitute for most medical applica
tions, which contributes a combination of low elasticity and high 
corrosion resistance, ideal characteristics for biomedical applications 
[15]. The choice of these specific compositions responds to both previ
ous findings and the need to combine biocompatibility, durability and 
superior mechanical properties.

When compared to previous Ti–Mo–Zr and Ti–Ta–Mo–Zr alloy sys
tems, the TixMo15Ta7Zr alloys (where x can be 15 or 20 wt%) offer 
significant improvements. Even though Ti–Mo–Zr alloys showed 
improved resistance to corrosion, the addition of Ta to the new com
positions improves biocompatibility even more, encouraging ideal 
integration with bone tissue and lowering the possibility of biological 
rejection. Furthermore, the Mo content, ranging from 15 % to 20 %, has 
been meticulously adjusted to ensure the formation of a more stable 
passive film, thereby surpassing the protective capabilities of earlier 
systems in simulated body fluids [16,17]. Finally, these alloys achieve 
an advanced balance between mechanical strength and elasticity, 
making them more suitable for critical applications than Ti–Ta–Mo–Zr 

systems, where elasticity was still limited.
The present study focuses on evaluating the corrosion behavior and 

mechanical properties of TixMo15Ta7Zr alloys in simulated body fluids, 
comparing them with reference materials such as Cp-Ti and Ti–6Al–4V, 
thereby completing our previous research [18]. A comparison of the new 
alloys with these reference materials reveals their superior corrosion 
resistance, enhanced biocompatibility, and their capacity to circumvent 
adverse reactions, such as those associated with the use of aluminum 
(Al) or vanadium (V). These compositions not only enhance the known 
properties of titanium, but also expand the possibilities for the design of 
more durable, safer, and more functional biomedical implants.

2. Experiment and methods

The following titanium alloys were subjected to investigation: 
Samples 1 and 2 were fabricated from pure elemental powders in a 
vacuum arc remelting (VAR) furnace. Sample 1 was composed of 63 % 
Ti, 15 % Mo, 7 % Zr, and 15 % Ta, while Sample 2 was composed of 58 
Ti, 20 % Mo, 7 % Zr, and 15 % Ta. The purity of the elemental powders 
was greater than 99.90 %. A series of preliminary operations were 
conducted on the obtained ingots, including cutting and embedding 
them in epoxy resin. Then, the specimens were subjected to the pol
ishing process at 150 rpm and 15 N of force utilizing the Struers 
TegraPol-11 polishing equipment (Copenhagen, Denmark). The pro
gressive carbide abrasive papers with progressively higher grit were 
employed, ranging from P400 to P2500. Lastly, a 0.2 μm alumina sus
pension was employed on mirror-polishing cloths.

The samples were prepared for metallographic analysis in accor
dance with the standards set forth in ASTM E3-11(2017). The optical 
microscope Axio Vert.A1 MAT ZEISS (Jena, Germany) was utilized for 
the examination. Each sample was subjected to immersion in a solution 
of Kroll’s reagent, which consists of 20 mL C2H2O2, 30 mL HCl, and 10 
mL HNO3, for approximately 40 s. For elemental analysis, a Zeiss Sigma 
300 VP scanning electron microscope (Carl Zeiss, Jena, Germany) was 
utilized in conjunction with an energy-dispersive X-ray spectrometer 
(EDX). For phase analysis of the materials, a Bruker D8 Advance X-ray 
diffraction (XRD) instrument was utilized. The research employed CuK 
radiation (1.5406 Å) with a step size of 0.02◦, a current of 40 mA, and a 
power of 45 kV in the range of 2θ = 10–80.

Ten measurements, each lasting 15 s, were taken with the Future 
Tech FM-810 microhardness tester in compliance with ISO 
14577–1:2015 for each load with the loads being 5, 25, and 50 gf, 
respectively. The observed diagonal lengths were then used by the 
iVicky application to automatically calculate the Vickers microhardness 
values.

In accordance with ISO 10271:2020, three electrodes were utilized 
for the electrochemical assessments: a working electrode (the specimen 
under examination), a counter electrode (a platinum electrode), and a 
reference electrode (a saturated calomel electrode). The area of each 
sample was determined using ImageJ software in order to conduct the 
experiments. The following components were quantified in mmol/L in 
the Ringer Grifols solution (Grifols Laboratories, Barcelona, Spain): The 
concentrations of the ions present in the solution were as follows: so
dium (Na+) 129.90 mmol/L; potassium (K+) 5.40 mmol/L; chloride 
(Cl− ) 111.70 mmol/L; lactic acid (C3H6O3) 27.20 mmol/L; and calcium 
(Ca2+) 1.80 mmol/L. The corrosion behavior of the alloys was investi
gated employing a potentiostat-galvanostat BioLogic Essential SP-150 
(Seyssinet-Pariset, France) in accordance with the following order: 
open circuit potential, linear polarization, and electrochemical imped
ance spectroscopy.

The 24-h open circuit potential of the study samples was determined 
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using the "Ecorr vs. Time" method, as implemented in the EC-Lab pro
gram. In order to obtain the linear polarization curve, the surface area 
value and density of each sample were calculated. The potential scan
ning rate was 10.00 mV/min in the range from − 0.70 V to 1.00 V vs. 
SCE. Impedance measurements were conducted using potentio 

electrochemical impedance spectroscopy, in accordance with ISO 
16773–1:2016. The frequency range was set between 200 kHz and 100 
mHz, and the data was displayed using Nyquist and Bode diagrams. 
Additionally, an electrochemical circuit was employed.

Fig. 1. Metallography (a, d), SEM image (b, e), EDX spectra and quantification (c, f), EDX elemental maps (g, h) and XRD spectra (i, j) for Sample 1 and Sample 2, 
respectively.

C. Jiménez-Marcos et al.                                                                                                                                                                                                                      Materials Chemistry and Physics 334 (2025) 130511 

3 



3. Results and discussion

The metallographic images of the two samples depicted in Fig. 1
illustrate a β lamellar microstructure with the presence of minor quan
tities of α phase, which can be attributed to the stabilizing influence of 
β-stabilizing elements, namely Zr and Ta. The point-specific EDX spectra 
and maps reveal the segregation of elements within the phases. This 
observation suggests that Mo also functions as an extremely effective 
stabilizer for the β solid solution. The stability of these features can be 
evaluated through the use of an Moeq equivalence assay. In accordance 
with the Mo equivalency formula (Moeq = Mo (wt.%) + Ta (wt.%)/4) 
[19], the Moeq values of the recently developed alloys demonstrate an 
increase as the Mo concentration rises. In particular, the Moeq values 
span a range of 18.75 %–23.75 %, which is considerably above the 
critical threshold of approximately 10 % for a stable β solid solution 
[20].

Fig. 2 displays the microhardness values HV0.005, HV0.025, and 
HV0.05 together with the mean, obtained from the 10 indentations 
made on each specimen. The application of 5 gf to each sample resulted 
in a considerable range of microhardness values, indicative of element 
segregation, reaching values between 380 and 410 HV (with standard 
deviation (SD) values of about ±22). However, at 25 or 50 gf, the in
dentations display greater uniformity for both samples and the values 
varies from 350 to 320 HV (with SD lower than ±15). These values were 
higher than those for Cp-Ti hardness and similar to those for Ti–6Al–4V 
(160–360 HV and 350–430, respectively) [21]. With increasing loading, 
the average depth of the footprint increased from approximately 0.9 
nm–3.4 nm for both samples.

The open circuit potential curves of the studied samples, in addition 
to those of cp-Ti and Ti–6Al–4V, were analyzed over a 24-h testing 
period while the samples were submegerd in Ringer’s solution (see 
Fig. 3a). The initial potential value of Sample 2 is − 0.49 V, which is 
higher than that of Sample 1 due to the higher concentration of Mo (with 
a more anodic potential than Ti). The potential of Sample 1 exhibits 
oscillatory behavior during the test period, which can be attributed to 
the onset of localized corrosion. This process gives rise to alterations in 
the local environment, including changes in pH, chloride ion concen
tration, and oxygen availability. These fluctuations in the surrounding 
conditions, in turn, contribute to the observed fluctuations in the po
tential. It is possible that degradation and repassivation of the passive 
film on the alloy surface may occur in a repetitive cycle. This phenom
enon could potentially lead to fluctuations in the open circuit potential, 
or OCP. Furthermore, the occurrence of anodic dissolution and cathodic 
reduction simultaneously can result in oscillatory behavior in the open 
circuit potential (OCP) if the system is not in a steady state. It can be 
observed that Sample 2 rapidly attained a stable potential of − 0.27 V vs. 
SCE. The concentration of Mo has been demonstrated to influence the 
thickness, composition, and stability of the protective passive oxide film 
that forms on the surface of the alloy [22]. In the case of cp-Ti and 

Ti6Al4V, it is evident that they exhibit a tendency to stabilise their po
tential over the 24-h testing period.

Fig. 3b illustrates the outcomes of the linear polarization technique 
employed to ascertain the corrosion rate of the alloys, cp-Ti and 
Ti6Al4V, plotted on a semi-logarithmic scale. It can be observed that the 
passive range is considerable for Sample 2, indicating that the passive 
layer is stable and effective. The corrosion rate, Vcorr) was found to be 
lower for Sample 2 (0.64 μm year− 1) in comparison to that of Sample 1 
(9.95 μm year− 1) and the Vcorr of Ti6Al4V (0.73 μm year− 1). Further
more, the polarization resistance (Rp) of 106 Ohm⋅cm2 was notably high 
for new titanium alloys, indicating that they possess considerable 
corrosion resistance.

The bigger capacitive arc for Sample 2 is indicative of a greater 
charge transfer resistance (Rct), as shown in Fig. 4a. This result suggests 
a more effective passive film, which may be attributed to the alloy’s 
optimal composition. Mo and Ta promote the formation of a compact 
inner layer, whereas Zr improves overall corrosion resistance. It has 
been shown that by blocking the flow of ions and electrons across the 
contact, this passive layer slows down the dissolution processes of the 
underlying metal. In biomedical applications, this enhanced durability 
and reduced release of hazardous metal ions are crucial characteristics 
that promote implant safety and reliability.

With a higher Mo concentration than Sample 1, Sample 2 demon
strated better corrosion resistance, suggesting a more effective and du
rable protective layer. Fig. 4b illustrates the impedance and Bode phase 
diagrams, which represent the logarithm of the impedance values (pri
mary axis) and phase angles (secondary axis) as a function of frequency. 
The Bode impedance plot showed a higher impedance modulus value in 
Sample 2, reaching 56 kΩ cm2 in the low-frequency region, indicating 
higher resistance to charge transfer or lower ionic conductivity through 
the passive film. Sample 2 also showed a higher maximum phase angle 
of 78.7◦ over a wider frequency range, indicating a more capacitive 
response, characteristic of a compact and stable passive layer. This 
higher capacitance reflects the system’s ability to store electrical charge, 
which is related to the quality and homogeneity of the passive film 
formed. The presence of Mo, which promotes the creation of a thick and 
stable oxide film (MoO₃), and the combined effects of Ta and Zr, which 
increase mechanical strength and corrosion resistance, are responsible 
for Sample 2’s passive layer’s robustness. This capacitive characteristic 
strengthens corrosion resistance and durability, which is especially 
important for biological applications that need long-term stability. In 
order to gain a more nuanced understanding of the corrosion layer 
structure and characteristics, a computational model based on the 
equivalent electrical circuit (EEC) was employed to simulate the 
impedance spectra, as illustrated in Fig. 4c. The main parameters 
derived from the fitting using ZSimpWin software are as follows: Rsol 
represents the solution resistance, and two parallel pairs, R1/CPE1 and 
R2/CPE2, correspond to the porous and compact passive layer (see 
Fig. 4c). It was states that the inner barrier layer is created by the inward 

Fig. 2. Microhardness results of a) Sample 1 and Sample b).
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transition of oxygen ions and the outer porous layer is formed by the 
hydrolysis of cations flowing from the inner barrier layer [23,24]. The 
use of a constant phase element (CPE) in place of pure capacitance 
serves to highlight the non-ideal capacitive response, which is a conse
quence of the heterogeneous nature of the passive film in alloys. The 
electrical impedance of the CPE can be determined using the following 
equation [25]: 

ZCPE = Y− 1(jw)
− n (1) 

In this context, Y represents a constant with dimensions of Ω− 1⋅sn, which 
is also known as the CPE coefficient or pseudo-capacitance. The imagi
nary unit, j, is defined as j2 = − 1, while ω denotes the angular frequency. 
Finally, n is the CPE exponent, with 0 ≤ n ≤ 1. When n = 1, the CPE 
behaves like an ideal capacitor. Conversely, when n = 0, it behaves like a 
pure resistor.

The parameters extracted from the fitting of the experimental data 
are presented in Table 1. It has been demonstrated that the enhanced 
resistance of the inner compact passive layer (R2 or Rct) in Sample 2, 
which is approximately 8 times higher than in Sample 1, underscores the 
capacity of this alloy to establish an effective barrier against corrosion. 
In general, the corrosion resistance (Rp = R1 + R2) is higher for Sample 
2, reaching values up to 105 Ohm⋅cm2. This finding is particularly sig
nificant in physiological environments, where the stability of the inner 

passive layer is imperative to avert the release of metal ions. The higher 
compactness of this layer (n2 close to 1) in Sample 2 suggests that the 
film is less susceptible to diffusion processes, resulting in prolonged 
protection. In comparison, the diffusive behavior observed in Sample 1 
(n1 close to 0.5) and its thicker outer layer (smaller Y1) could indicate a 
lower overall protection efficiency. These observations, attributable to 
the Mo content, underscore the necessity of optimizing the chemical 
composition to ensure the optimal performance of these alloys in critical 
applications, such as biomedical implants, where corrosion resistance 
and structural integrity are essential. During exposure to simulated body 
fluid, Mo is oxidized to Mo+4 (MoO2) and Mo+6 (MoO3 and MoO4

2− ), 
following the reactions: 

Fig. 3. a) Open circuit potential after 24 h’ immersion time; b) linear polarization curves.

Fig. 4. a) Nyquist, b) Bode-IZI and Bode-phase diagrams at Ecorr, c) equivalent circuit.

Table 1 
Equivalent electric circuit parameters for fitting the experimental EIS data.

Parameters Sample 1 Sample 2

Y1 (Ohm⋅cm2) 3.93⋅10− 5 1.20⋅10− 4

n1 0.97 0.48
R1 (Ohm⋅cm2) 1.41⋅103 19.48
Y2 (S⋅secn/cm2) 1.03⋅10− 4 2.28⋅10− 5

n2 0.68 0.88
R2 (Ohm⋅cm2) 1.03⋅104 8.60⋅105

χ2 7.14⋅10− 3 8.56⋅10− 4
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Mo + 2H2O→MoO2 + 4H+ + 4e− (2) 

The compound of hexavalent molybdenum is very important; is 
illustrated by molybdenum trioxide and by its ionic form: 

MoO2 + H2O→MoO3 + 2H+ + 2e− (3) 

MoO2 + 2H2O→MoO2−
4 + 4H+ + 2e− (4) 

The same phenomenom occurs with Ta: 

2Ta + 5H2O→Ta2O5 + 10H+ + 10e− (5) 

4. Conclusions

This study examined the corrosion behavior and microstructural 
characteristics of two recently developed titanium alloys containing 
biocompatible elements (Mo, Zr, and Ta). The alloy with a higher Mo 
content displays enhanced corrosion resistance due to a more robust 
passive layer. The microhardness values of both alloys are consistent 
with those of commonly used Ti biomaterials, indicating uniformity and 
good mechanical performance. These findings substantiate the potential 
of these novel, presumably non-toxic titanium alloys as promising can
didates for biomedical applications.

Future research should concentrate on an extensive investigation of 
higher Mo content, integrating alloy manufacturing, improved charac
terization, mechanical and electrochemical evaluations, and biocom
patibility analyses. By progressively increasing Mo content and refining 
the alloy composition, one may methodically assess the tradeoffs and 
advantages, hence facilitating the advancement of superior titanium 
alloys for clinical applications.
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