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A B S T R A C T

Titanium alloys are essential in the biomedical field due to their exceptional corrosion resistance, mechanical 
strength and biocompatibility, making them ideal for producing safe medical implants and devices. Novel heat 
treatment techniques have been developed to optimize the microstructure, mechanical, corrosion and surface 
characteristics of alloys in biological environments, thereby reducing internal stresses and improving passive 
layer formation, thus prolonging implant service life. The analyzed samples were stress relieved titanium- 
molybdenum alloys (Ti-15Mo) with Si additions of 0%, 0.5%, 0.75% and 1.0%. Microstructure, microhardness 
and corrosion behavior were studied to evaluate the potential of these alloys for use in the human body, with a 
particular focus on medical devices where durability, hardness and corrosion resistance are critical factors. The 
addition of molybdenum as a β-phase stabilizer enhanced the formation of the advantageous lamellar micro
structure of α + β phases for mechanical performance. The corrosion behavior was examined in simulated body 
fluid (Ringer’s solution) and the higher silicon content contributed to the formation of a thicker and protective 
passive layer, which substantially reduced the corrosion rate. The microhardness of silicon-enriched alloys under 
various stress conditions was higher than that of commercially pure titanium (CpTi), demonstrating their 
capability for better performance in biomedical applications.

1. Introduction

The materials used for load-bearing dental and orthopedic applica
tions must demonstrate not only excellent biocompatibility but also 
good mechanical properties (fatigue, tensile, compressive, elastic 
modulus, etc.) in conjunction with adequate ductility, hardness, and 
fracture toughness. Consequently, metallic implant biomaterials are 
more advantageous and appropriate for these applications compared to 
conventional ceramic and polymeric biomaterials [1]. In orthopedic and 
vascular surgery, classical alloys, such as Ti6Al4V, CoCrMo alloys and 
NiTi alloys, account for approximately 95% of orthopedic devices and 
80% of implants [2].

However, special problems arise when metallic implants are used. 
First, the elastic modulus of metals is significantly higher than that of 
bone; this can lead to osteoporosis. In addition, many metallic bio
materials have some limitations in terms of biocompatibility, wear 
resistance, and corrosion resistance, and they release toxic ions into 

nearby tissues. In an attempt to solve these problems, various alloying 
elements that are not harmful to the body have been investigated [3,4].

Titanium and its alloys have become biomaterials that can be used 
for a wide range of purposes, from modern medicine to aerospace. Due 
to its biocompatibility [5], corrosion resistance [6], thermal stability 
[7], low modulus of elasticity [8], excellent fatigue resistance [9], high 
strength and low weight contribute to efficiency and performance in 
their use for biomedical applications. Titanium’s exceptional corrosion 
resistance is attributed to its ability to build a stable oxide layer, pri
marily made up of titanium oxide (TiO2) [10,11].

Nonetheless, commercial titanium alloys have distinct drawbacks 
when used in medical settings. The Ti-6Al-4V alloy, used to manufacture 
orthopedic and dental implants, may induce allergies and illnesses such 
as Parkinson’s or Alzheimer’s due to its aluminum and vanadium con
tent [12,13]. Because it can revert to its natural form, TiNi (nitinol), 
which is perfect for vascular stents and guides in minimally invasive 
surgery, can release nickel, which can lead to both allergies as well as 
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kidney and cardiovascular problems [14,15]. Ti-6Al-7Nb alloy, which is 
utilized in prostheses and medical equipment, was designed to increase 
biocompatibility by replacing V with Nb; nonetheless, it has a solid 
protective layer and presents improved mechanical properties [16,17].

The addition of highly biocompatible alloying elements such as 
molybdenum, helps improve the properties of titanium. Molybdenum is 
a low-toxicity, beta-stabilizing element that when combined with tita
nium, it produces a stable oxide film, shielding it from corrosion and 
deterioration in harsh settings [18]. Because of the high melting tem
peratures of the components that form the titanium-molybdenum sys
tem, the method used to obtain these alloys was vacuum arc remelting. 
The advantages of using this type of equipment are, in addition to the 
manufacture of metallic alloys with variable geometry and containing 
elements with very high melting temperatures, the obtaining of almost 
pure metallurgical environments by successive argon purging, a good 
homogeneity of the alloys by melting several times on each side of the 
ingots and the possibility of obtaining rapid water cooling [19].

In order to improve the properties, other different elements were 
added to Ti-Mo alloys like Zr [20–22], Nb [23], Fe [24], Cr [25], Cu 
[26], Au [27], Al [28], V [29], etc. The human body contains silicon, 
which can enhance biocompatibility and assist in controlling a mate
rial’s mechanical characteristics [30,31]. Silicon (Si) can be present as a 
solid solution and/or silicide and even the Si content is typically 
restricted to below 0.5 wt%, however vacuum metallurgy demonstrates 
the capability to produce titanium alloys with elevated Si levels. The 
incorporation of silicon enhances the creep resistance, strength and 
oxidation resistance of titanium alloys; nevertheless, it diminishes 
fluidity, particularly at ambient temperature [32,33].

Heat treatment is used to minimize the residual tensions that are 
created during the fabrication process of titanium and titanium alloys. 
This process is known as stress relieving and through the use of this 
technique, residual stresses that are caused by the various stages of 
manufacturing are reduced, which helps to maintain shape stability and 
eliminates unfavorable situations such as the Bauschinger effect.

In this study, we focused on the effect of silicon addition on the 
microstructure and corrosion resistance of stress-relieved titanium al
loys. The analyzed samples were titanium-molybdenum alloys with Si 
additions of 0%, 0.5%, 0.75% and 1.0%. The corrosion behavior was 
investigated to assess their performance in simulated body fluid. In 
addition to corrosion testing, this study aims to investigate the micro
structure and microhardness behavior of these alloys. This research aims 
to assess the potential of these materials for use in the human body, with 
a particular focus on medical devices where durability, hardness and 
corrosion resistance are critical factors.

2. Materials and methods

2.1. Material preparation

The following alloys were produced in a vacuum arc remelting (VAR) 
furnace from pure alloying elements (Ti, Mo and Si): Sample 1 (85% Ti, 
15% Mo), Sample 2 (84.5% Ti, 15% Mo, 0.5% Si), Sample 3 (84.25% Ti, 
15% Mo, 0.75% Si), and Sample 4 (84% Ti, 15% Mo, 1% Si). In order to 
achieve the required homogeneity, the four alloys were subjected to a 
total of six remelting operations, with three repetitions on each side, 
under the protection of high-purity argon gas. The samples were heat 
treated for stress relieving at 900 ◦C with a heating rate of 10 ◦C per 
minute and then quenching in water.

A series of preliminary operations were conducted on the samples, 
including cutting with a precision saw and embedding them in epoxy 
resin with a catalyst mixture, followed by demolding after 24 hours. 
Afterward, the specimens were ground and polished at 150 rpm and 15 
N of force utilizing the polishing equipment. Carbide abrasive sheets of 
increasing grit were used, starting with P400 grit and ending with P2500 
grit [34]. Then, mirror polishing cloths containing a 0.06 μm colloidal 
silica polishing suspension were used (see Fig. 1). These metallographic 
analysis sample preparation techniques complied with ASTM E3–11
(2017) [35].

2.2. Microstructural characterization

The microstructure of the samples was examined by taking micro
graphs of the surfaces of each sample using an optical microscope 
(AxioVert.A1 MAT ZEISS) at various magnifications. For approximately 
40 ss, each sample was immersed in Kroll’s reagent solution, which 
consists of 100 ml of water, 1–3 ml of hydrofluoric acid and 2–6 ml of 
nitric acid. The surface that had been exposed to the reagent was then 
analyzed and the test was repeated three times for each sample.

An energy-dispersive X-ray spectrometer (EDX) coupled with an 
Apreo Field Emission scanning electron microscope was utilized for 
elemental analysis.

A Malvern-Panalytical diffractometer was employed for phase anal
ysis of the samples. A CuK radiation (1.5406 Å) in the range of 2θ =
30–70 was used for the investigation, with a power of 45 kV, a step size 
of 0.02◦ and a current of 40 mA.

2.3. Microhardness test

In accordance with ISO 14,577–1:2015 [36], ten measurements were 
taken with the hardness tester Future Tech FM-810, each lasting 15 ss, 
for each load applied to the specimen—in this case, 5, 25 and 50 gf. As 

Fig. 1. Studied alloys preparation.
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the load increases, the impression left by the indenter can cover parts of 
different phases, thereby providing an approximate measure of the 
overall hardness of the material. The footprint can only be identified in 
one phase when relatively low loads are positioned, allowing the 
hardness of that phase to be evaluated. Subsequently, the corresponding 
software used the recorded diagonal lengths to automatically calculate 
the Vickers microhardness values. The number of indentations produced 
was plotted against the scan length.

2.4. Electrochemical tests

The electrochemical tests employ a three electrodes cell containing 
the working electrode (the material being tested), the reference elec
trode (saturated calomel) and the counter electrode (platinum elec
trode), according to ISO 10,271:2020 [37]. To conduct the tests, the area 
of each sample under investigation was measured. The following com
ponents were measured in mmol/L in the Ringer Grifols solution: Na+

129.90, Cl− 111.70, K+ 5.40, Ca2+ 1.80; and C3H5O3 27.20. Using the 
potentiostat-galvanostat SP-150 BioLOGIC, three tests were employed in 
the following order to study the corrosion behavior of the alloys: 
corrosion potential, linear polarization and electrochemical impedance 
spectroscopy.

2.4.1. Corrosion potential (Ecorr)
The "Ecorr vs. Time" technique of the EC-Lab software was used to 

evaluate the corrosion potential of each sample after 24 hours of 

immersion in Ringer solution. Potential measurements were made every 
300 ss or whenever the potential changed by 200 mV, conditions that, 
according to our previous experience [38], are sufficient to stabilize the 
corrosion potential as much as possible.

2.4.2. Linear polarization
To conduct these tests, the "Linear Polarization" technique was 

chosen, and its feasibility was confirmed by entering the sample surface 
area value, the 20-minute test duration and performing it three times for 
each sample. The used parameters were apreliminary scan rate of 0.167 
mV/s, potential ranging from -1.0 to 2.0 V with respect to the reference 
electrode and data collected at 0.50 s intervals. Following the display of 
these linear polarization curves, the corrosion rate (Vcorr) was calculated 
for each sample using the "Tafel Fit" approach.

2.4.3. Electrochemical impedance spectroscopy (EIS)
To characterize the oxide layer by EIS, impedance spectra were 

registered in the range of ±300 mV vs. Ecorr with a step of 100 mV by 
continuously polarizing the sample and allowing the system to equili
brate for 600 s at each potential following ISO 16,773–1–4:2016 [39]. 
All the tests were normally repeated three or four times to ensure that 
they presented reasonable reproducibility. The data were displayed 
using Nyquist and Bode diagrams and an equivalent circuit (EC) was 
employed to fit the experimental data.

Fig. 2. Optical microstructure of: a) Sample 1, b) Sample 2, c) Sample 3 and d) Sample 4, after reagent etching.
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Fig. 3. SEM image and EDX spectra for: a) Sample 1, b) Sample 2, c) Sample 3 and d) Sample 4.
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3. Results and discussions

3.1. Microstructural investigation

Due to the similarity of their lattice characteristics and crystal 
structures, Mo and Ti can completely dissolve in one another, resulting 
in optimal undercooling. This facilitates the formation of the β meta
stable phase at elevated temperatures [40]. The β-phase (BCC structure) 
is achieved by including the transition components Mo and Si.

Silicon can reduce the phase transition temperature because it is an 
eutectoid β-stable element and typically exists as a solid solution or 
silicide in titanium-based alloys. The various morphological forms of 
silicon can be interconverted under specific conditions, which enables 
the variation of titanium alloy properties by silicide [32]. The silicide in 

this case is an intermetallic compound formed between silicon and 
titanium.

The optical microscope images of the four samples, as presented in 
Fig. 2, illustrate the microstructural changes occurring with varying 
silicon concentrations. At lower silicon concentrations, it can be 
observed that the precipitation of silicide begins near the grain bound
aries of the β-phase (see Fig. 2a). As silicon concentrations increase, 
silicide precipitation is seen to begin within the crystal structure itself 
(refer to Figs. 2a and 2b). These observations align with established 
patterns reported in the literature [41,42], where similar behavior has 
been noted under comparable conditions.

Figs. 3 and 4 display SEM pictures, EDX spectra and EDX elemental 
maps for the examined area of each sample. In the presented SEM im
ages (Fig. 3), different magnifications were employed not to emphasize 

Fig. 4. EDX elemental maps of: a) Sample 1, b) Sample 2, c) Sample 3 and d) Sample 4.
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microstructural clarity but to optimize the surface details necessary for 
detailed elemental analysis by EDX. These magnifications were selected 
based on the need to effectively capture compositional variations that 
could not be adequately represented at a single scale.

The quality of the SEM images, as presented in our study, differs from 
that of the optical microscope images (see Fig. 2) due to the specific 
objectives of each imaging technique. Unlike optical imaging, which 
focuses on microstructural clarity, the SEM images were specifically 
optimized for the comprehensive elemental analysis essential for our 
research. This optimization was targeted at enhancing the accuracy of 
EDX data rather than visual detail, which is critical to the goals of our 
study.

The EDX quantification provides a summary of the mean chemical 
compositions of the alloys researched (see Table 1), which demonstrates 
a close agreement with the theoretical concentrations of the chemical 
elements, with only slight differences due to local inhomogeneities or 
measurement uncertainty. The presence of SiO₂ has been identified by 
EDX, a method that is essential not only for the detection SiO₂ but also 
for confirming the integration of silicon in the passive films, which 
correlates with the varying silicon content in the different samples: 
Sample 1 without Si, Sample 2 with 0.5% Si, Sample 3 with 0.75% Si and 
Sample 4 with 1% Si.

The silicon content in these alloys plays an important role in 
enhancing the formation and stability of SiO₂ within the passive films. 
As the percentage of silicon increases from 0.5% to 1%, we observed an 
improvement in the compactness and stability of the film, which can be 
directly attributed to a higher concentration of SiO₂. This enhancement 

is supported by the literature [43,44] indicating that SiO₂ effectively 
improves the corrosion resistance and mechanical properties of protec
tive films.

The generated atomic distribution maps (see Fig. 4) provide clear 
evidence of the absence of elemental segregation or the connection of 
impurities within the alloy matrix. By confirming the lack of inclusions 
and segregations, we can infer that the alloy processing methods used 
were effective in achieving a homogeneous material structure. This 
homogeneity indicates higher material integrity and predictability of 
clinical performance.

The diffraction diagrams of the alloys being studied are shown in 
Fig. 5. Only two phases—major β and minor Ti5Si3—were discernible in 
this instance. It is evident that all alloys present significant peaks that 
correlate with the titanium β phase. Silicon and molybdenum, two 
alloying elements added to titanium, are β-stabilizers, meaning they 
prevent other phases from precipitating [45]. Our X-ray diffractograms 
support the equivalent molybdenum hypothesis, according to which, at 
room temperature, the predominance of the β-phase requires the use of 
at least 10 wt% molybdenum [46].

3.2. Microhardness test

Fig. 6 and Table 2 show the microhardness results at HV 0.005, HV 
0.025, and HV 0.05, together with the mean, median, standard deviation 
(SD), minimum, maximum and depth values for each of the ten in
dentations performed on each sample. As can be seen, there is little 
variation in the data and a mean of about 350 HV for the values applied 
in Samples 1, 3 and 4. Sample 3 displayed the highest values for the 
applied loads of 5 and 25 gf; however, Sample 4 displayed a higher value 
when the load of 50 gf was applied. On the other hand, Sample 3 pro
vided the lowest hardness value for the 5 gf load, while Sample 1 pro
vided the minimum values for the other two charges. However, it is 
difficult to determine whether the proportion of silicon increases or 
decreases, as the data shows that the surfaces of both samples are 
somewhat uniform. Sample 2, on the other hand, showed Vickers 
hardness values with a considerable variance, ranging from 290 to 530 
HV and a standard deviation of 55 to 77, suggesting the existence of hard 

Table 1 
EDX quantification of the samples analyzed.

Samples Composition (in wt%)

Ti Mo Si

Sample 1 84.44 ± 2.35 15.56 ± 1.56 –
Sample 2 83.79 ± 1.80 15.93 ± 1.23 0.28 ± 0.08
Sample 3 83.84 ± 2.02 15.30 ± 0.98 0.86 ± 0.16
Sample 4 83.79 ± 2.11 15.19 ± 1.61 1.02 ± 0.34

Fig. 5. X-ray diffraction (XRD) pattern of the studied alloys: a) Sample 1, b) Sample 2, c) Sample 3 and d) Sample 4.
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and soft zones (different phases) on its surface.
Additionally, the maximum hardness values found in this study were 

higher than those of cp-Ti (180 - 300 HV) [47,48] but lower than those 
of Ti6Al4V (330 - 540 HV) [49,50].

The SD of all specimens tends to decrease at higher loads since the 
higher the load, the greater the penetration into the material. This fact 
can be demonstrated by calculating the thickness of the footprint.

The following formula is used to calculate the depth of the inden
tation, where F is the applied force in kgf and HV is Vickers hardness in 
kgf/mm2. 

δ = 0.202⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1.8544⋅F

HV

√

(1) 

Because the hardness levels of the materials were equal, when a 
higher load was applied, the average depth of the footprint rose from 0.9 

μm to 3.3 μm.
As established by the Hall-Petch relationship, the microhardness of 

materials can be improved by grain refinement [51]. The grain sizes of 
Sample 2 are significantly refined compared to those of the other sam
ples, thereby increasing the microhardness. The precipitation of silicide 
at the boundary of the crystal generates a big difference between the 
maximum and minimum values of the microhardness, depending on the 
phase. For samples 2 and 3, due to their homogeneity and the uniform 
silicides inside the crystals, the microhardness values are kept at roughly 
the same levels.

3.3. Electrochemical tests

3.3.1. Corrosion potential
The corrosion potential versus time curves of the studied samples 

Fig. 6. Microhardness results for each indentation for the test specimens under loadings of 5 (a), 25 (b) and 50 (c) gf.
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were analyzed after a 24-hour testing period during which the samples 
were immersed in Ringer’s solution (see Fig. 7 and Table 3). Under these 
circumstances, the potential—known as the open circuit potential, or 
OCP—indicates the sample’s propensity to resist corrosion.

Thus, immersing the alloys in Ringer’s solution for 24 hours showed 
that the four samples had a high qualitative tendency to passivate.

Table 3 shows that the initial potential values of the samples tend to 
increase with the addition of silicon. From the data collected during the 
first two hours of immersion, Sample 1, Sample 3 and Sample 4 reached 
more positive values between -0.345 V and -0.093 V, while Sample 2 
suffered a slight drop in the potential from -0.062 V to -0.082 V. Sub
sequently, after 12 hours, Sample 2 continues to reach more negative 
potential values to reach -0.106 V. Nevertheless, the potential of the rest 

of the samples in the study continues to increase. At the end of the test, 
positive behavior can be observed for all the samples, because they tend 
to achieve a certain stability. For the examined samples, the constant 
movement of the potential towards noble values suggested that the 
passive layer underwent modifications during the testing, becoming 
more protective. The Si content can influence the stability, thickness and 
composition of the passive oxide layer formed on the alloy surface.

3.3.2. Linear polarization
Fig. 8 and Table 4 illustrate the outcomes of the linear polarization 

technique employed to assess the corrosion rate of the alloys, presented 
on a semi-logarithmic scale of the actual results.

As can be observed in Table 4, Sample 4 exhibits higher anodic 
corrosion potential and current values (Ecorr and Icorr, respectively), 
which indicate the extent of alloy oxidation, than the other samples 
examined.

To determine the Tafel slopes (βc and βa), the curve was examined 
against reference potential throughout a range of -1.0 to 2.0 V. A value 
of βa larger than βc indicates an alloy that is prone to passivation, 
whereas a value of βa less than βc indicates an alloy that is prone to 
corrosion. In this instance, the analysis revealed a propensity for all four 
samples to undergo passive layer formation on their surface [52].

Additionally, as illustrated in Table 4, the Tafel curve parameters and 
the corrosion rate (Vcorr) of the tested samples are presented. These are 
determined using the corrosion current (Icorr), the density (d) in g/cm3, 
the area (A) of each sample (in cm2), the equivalent weight (EW) in g/eq 
and the constant (K) that determines the corrosion rate units (1.288⋅105 
milinches/A-cm-year). The equivalent weight was calculated for each 
sample applying the following formula, which is from the standard 
ASTM G102–23 [53]: 

EW =
1

∑ nifi
Wi

(2) 

Table 2 
Microhardness values and depth of the four samples for 5, 25 and 50 gf.

Essay Microhardness (HV) Depth 
(μm)

Mean Median SD Maximum Minimum

Sample 
1

5 gf 358 353 16 390 340 1.03
25 
gf

358 363 24 388 323 2.30

50 
gf

343 342 18 368 314 3.32

Sample 
2

5 gf 426 440 76 530 294 0.94
25 
gf

405 438 77 498 290 2.16

50 
gf

435 455 55 509 335 2.95

Sample 
3

5 gf 366 368 23 397 328 1.02
25 
gf

357 359 21 392 326 2.30

50 
gf

351 354 12 368 328 3.28

Sample 
4

5 gf 361 363 16 382 330 1.02
25 
gf

357 360 15 376 330 2.30

50 
gf

363 364 15 386 341 3.23

Fig. 7. Corrosion potential curves for the four samples after 24 hours’ im
mersion time.

Table 3 
Results of the corrosion potential for the investigated samples submerged in 
Ringer Grifols electrolyte at the beginning, 2 hours later, 12 hours later, and 24 
hours later.

Potential (V) Sample 1 Sample 2 Sample 3 Sample 4

Initial -0.345 -0.062 -0.147 -0.221
After 2 hours -0.159 -0.082 -0.093 -0.217
After 12 hours -0.050 -0.106 -0.007 -0.185
After 1 day -0.031 -0.108 0.021 -0.168

Fig. 8. Polarisation curves of the four test samples.

Table 4 
Corrosion parameters obtained for all samples tested.

Parameters Sample 1 Sample 2 Sample 3 Sample 4

Ecorr (mV vs. Ref) -260 ± 2 -138 ± 1 -239 ± 2 -69 ± 2
Icorr (µA/cm2) 7.60⋅10–4 3.00⋅10–1 3.00⋅10–3 3.00⋅10–3

βc (mV/dec) 14.5 ± 1.3 14.9 ± 2.1 4.5 ± 1.7 4.1 ± 1.9
βa (mV/dec) 35.3 ± 2.4 26.4 ± 2.7 32.3 ± 2.6 143.2 ±

3.5
Equivalent weight (g/ 

eq)
23.94 23.52 23.66 23.38

Density (g/cm3) 5.36 5.34 5.35 5.34
Surface (cm2) 1.00 1.10 1.08 1.12
Corrosion rate (mpy) 4.39⋅10–3 1.56⋅10–1 2.12⋅10–3 1.52⋅10–3

Rp (MOhm⋅cm2) 2.84 ±
0.32

1.18 ±
0.06

1.22 ±
0.47

2.10 ±
0.24
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Where Wi is the atomic weight of the ith element in the alloy, ni is its 
valence, and fi is its mass fraction in the alloy.

In this case, a minimum Vcorr of 1.52⋅10–3 mpy was reached for 
Sample 4 and a maximum Vcorr of 1.56⋅10–1 mpy for Sample 2. Ti-6Al-4V 
and cp-Ti, under similar circumstances, showed a higher corrosion rate 
of about 10–2 mpy [50,54].

As the polarization resistance (Rp) value increases, the corrosion 
resistance of the alloy also improves, as shown by the results of the "Rp 
Fit" study. Sample 1, Sample 3 and Sample 4 exhibit an extremely high 
degree of corrosion resistance, with Rp values reaching as high as 106 

Ω⋅cm2 for highly corrosion-resistant materials. In this case, the Rp values 
achieved for these ssamples were higher than those obtained for cp-Ti 
(105 Ω⋅cm2) [48], except for Sample 2, which has a Rp of 104 Ω⋅cm2.

3.3.3. Electrochemical impedance spectroscopy
Figs. 9, 10 and 11 show the Nyquist and Bode impedance and Bode 

phase diagrams obtained for seven applied potentials (±0.3 V vs. 
reference electrode (Eref)) of each sample from high to low frequencies 
(200 KHz – 0.1 Hz).

Analyzing the Nyquist plot in Fig. 9, which shows the imaginary 
impedance versus the real impedance, Sample 1 and Sample 3 have 
similar impedance values for their Ecorr (at 0.0 V vs. Ecorr), slightly 

superior for Sample 1, which indicates a larger arc and is therefore more 
capacitive. There is also a tendency for the impedance values of Sample 
3 and Sample 4 to increase at more positive potentials, while the 
impedance values of Sample 1 and Sample 2 exhibit a decrease in 
response to higher potentials (from 0.2 to 0.3 V vs Ecorr).

In the Bode-IZI diagrams presented in Fig. 10, at high and medium 
frequencies, the impedance spectra exhibit similar curves. However, at a 
low frequency of 0.1 Hz, a flat surface impedance is observed, repre
senting the sum of surface layer resistance, transfer resistance, and 
electrolyte resistance. This is associated with the inherent quality of the 
protective film.

In this instance, the impedance values obtained for Sample 3 and 
Sample 4 exhibited an increasing trend as more positive potentials were 
applied during the test, while Sample 1 and Sample 2 reached their 
maximum values at 0.0 V against Ecorr. In this scenario, Sample 1 ach
ieved the maximum impedance.

As demonstrated in Fig. 11 and Table 5, the Bode phase diagrams 
illustrate the phase transition as a function of frequency for varying 
potentials in comparison to the reference electrode. It is evident from the 
data that the maximum values of the phase angle occur when the 
corrosion potential is applied, with Sample 1 demonstrating higher 
values. Furthermore, the process occurs in two or three stages (time 

Fig. 9. Nyquist diagrams of: a) Sample 1, b) Sample 2, c) Sample 3 and d) Sample 4.
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constant) as the curve angles towards lower frequencies. The maximum 
phase angle is centered at approximately 10 Hz for Sample 2 and 100 Hz 
for Sample 1, Sample 3 and Sample 4. Furthermore, an increase in the 

response of the phase angle values of Samples 3 and 4 is observed at 
more positive potentials, indicating a transition from a capacitive to a 
resistive film. In contrast, the impedance values of Samples 1 and 2 show 

Fig. 10. Bode-impedance diagrams of: a) Sample 1, b) Sample 2, c) Sample 3 and d) Sample 4.

Fig. 11. Bode-phase diagrams of: a) Sample 1, b) Sample 2, c) Sample 3 and d) Sample 4.
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a decrease in response to higher potentials (0.2 to 0.3 V vs. Ecorr).
It is evident that corrosion resistance is dependent on impedance and 

phase angle values, with Sample 1 demonstrating notable resistance and 
Sample 2 exhibiting significantly lower values.

Fig. 12 displays the analogous circuit model R(CPE R)(CPE R) 
applied from the results obtained, which best fits the experimental re
sults of the research and demonstrates that the surface of the samples is 
resistant to dissolution along with a double passive film (porous and 
compact) up until the alloy is obtained.

The model and the following equations represented the electrolyte’s 
resistance in ohms as Rsol, the passive film’s capacitances as CPE1 and 
CPE2 and the constant phase elements and the porous and compact 
passive film resistances as R1 and R2, respectively. The constant phase 
element replicates the semi-infinite Warburg impedance (n = 0.5), the 
resistor (n = 0.0), and the capacitor (n = 1.0) as a function of the applied 
frequency (f) and the values of the parameters n1 and n2 [55]. 

Zseries = Z1 + Z2 + Z3 (3) 

1
Zparallel

=
1

ZCPE
+

1
ZR

(4) 

Zparallel =
ZR⋅ZCPE

ZR + ZCPE
(5) 

ZR = R ZCPE =
1

Y0(jw)
n (6) 

Zparallel =
R

1 + RY0(jw)
n (7) 

Z(f) = Rsol +
R1

1 + R1Y0
1(jw)

n1 +
R2

1 + R2Y0
2(jw)

n2 (8) 

The results obtained through the application of the equivalent circuit 
Rsol(CPE1 R1)(CPE2 R2) were found to be in accordance with the 
experimental data. Furthermore, the chi-squared values were of the 
order of 10–3, thereby indicating that the simulation quality was satis
factory. The spectra obtained from EIS, when interpreted through the 
lens of a two-time constant equivalent circuit model, point to the pres
ence of a two-layer passive film structure.

As in the Nyquist and Bode graphs, Fig. 13 shows the evolution of the 
values of different resistances and constant phase elements of the porous 
and compact protective layers with the seven potentials applied.

In general, resistance values tend to increase up to -0.1 V for all the 
samples tested, being higher R1 for Sample 4. This finding suggests that 
the incorporation of silicon enhances the corrosion of the outer passive 
layer of the sample. Sample 1 had a stronger corrosion resistance (Rp =

R1 + R2), reaching values of up to 103 KOhm⋅cm2, while Sample 2 had 
the lowest resistance results (4 KOhm⋅cm2 max). The R2 values are 
higher than the R1 values, which is indicative of the fact that the outer 
porous layer exhibits a lower resistance than the inner compact film.

In addition, Sample 1 and Sample 2 have lower resistance values as 
the applied voltage became more positive. This decline in resistance as 
the applied potential increases to positive values can be attributed to 
two phenomena: film thinning and breakdown at higher potentials. In 
contrast, Sample 3 has the maximum resistance value at 0.0V and 
Sample 4 at -0.1 V. Except for Sample 2, the studied samples had strong 
corrosion resistance since their values were between 104 and 106 

Ohm⋅cm2.
The fitted values of Y1 and Y2 decrease as Si concentration increases, 

indicating that the compactness and stability of the passive protective 
film have improved due to SiO₂ production.

4. Conclusions

This paper has studied four heat-treated titanium alloys that contain 
non-toxic and biocompatible components, such as molybdenum (Mo) 
and silicon (Si). The main conclusions of the study are briefly summa
rized below: 

• The results showed that the addition of silicon to the Ti-15Mo alloy 
affects the homogeneity and distribution of phases. The X-ray 
diffraction (XRD) analysis showed the predominant presence of β 
phase with a smaller amount of silicide.

• It was observed that during immersion in Ringer’s solution, the 
samples retain the stability of their potential, with the sample with 
0.75%Si having a higher potential that inhibits the cyclic rupture and 
repassivation of the passive layer that has developed on its surface. 
On the other hand, it has been shown that a higher concentration of 
silicon (more than 0.5% Si) slows down the corrosion process 
because it favors the development of a more compact and effective 
passive layer. The corrosion rate in simulated physiological medium 
decreases by more than 50% with the addition of 0.75% Si and this 
decrease reaches 75% if the Si concentration is 1%.

• All the alloys demonstrated comparable hardness values at varying 
loadings, higher than those of commercial pure titanium (CpTi). 
When the Si addition is very low (0.5%), the formation of the silicide 
at the edge of the crystals generates elevated dispersion of the 
microhardness values due to the lack of microstructural 
homogeneity.

These results were largely positive for the corrosion behavior of the 
samples, showing that, at Si additions higher than 0.5 wt%, there was 

Table 5 
Results from the Bode plots of the samples studied at different potentials (±0.3 V 
vs. Ecorr).

Parameters Sample 1 Sample 2 Sample 3 Sample 4

Potential (V) -0.331 -0.408 -0.279 -0.468
Max impedance (Ω⋅cm2) 34,044.51 2424.45 30,218.44 11,418.86
Max phase angle (◦) 76.05 62.02 71.44 69.28
Potential (V) -0.031 -0.108 0.021 -0.168
Max impedance (Ω⋅cm2) 54,279.79 3391.53 44,615.95 24,646.11
Max phase angle (◦) 82.73 66.10 76.05 77.31
Potential (V) 0.269 0.192 0.321 0.132
Max impedance (Ω⋅cm2) 23,939.60 221.38 47,380.15 27,010.55
Max phase angle (◦) 72.08 32.09 73.72 75.77

Fig. 12. Equivalent circuit Rsol(CPE1 R1)(CPE2 R2) applied for the stud
ied samples.
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very good corrosion resistance and mechanical properties similar to 
other commercial alloys.
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cast commercially pure titanium and Ti-6Al-4V alloy submitted to heat treatments, 
Braz. Dent. J. 17 (2006) 126–129, https://doi.org/10.1590/S0103- 
64402006000200008.

[48] C.N. Elias, D.J. Fernandes, C.R.S. Resende, J. Roestel, Mechanical properties, 
surface morphology and stability of a modified commercially pure high strength 
titanium alloy for dental implants, Dent. Mater. 31 (2015) e1–e13, https://doi.org/ 
10.1016/j.dental.2014.10.002.

[49] A.V. Sandu, M.S. Baltatu, M. Nabialek, A. Savin, P. Vizureanu, Characterization 
and mechanical proprieties of new TiMo alloys used for medical applications, 
Materials. (Basel) 12 (2019) 2973, https://doi.org/10.3390/MA12182973.
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