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Abstract: The mechanical properties and electrochemical behavior of two new titanium alloys,

Ti20Mo7Zr and Ti20Mo7Zr0.5Si, are investigated in this paper. The alloys have been manufactured

by vacuum arc remelting (VAR) technique and studied to determine their microstructure, corrosion

behavior, and mechanical properties. Metallographic observations and quantitative microanalysis by

optical microscopy, scanning electron microscopy SEM, and energy dispersive X-rays spectroscopy

EDX were performed. Data about the three-point bending test and microhardness are presented. For

electrochemical properties, three different environments were used: Ringer solution at 25 ◦C, Ringer

solution at 40 ◦C simulating fever condition, and 3.5% NaCl solution. Metallographic investigation

revealed the biphasic and dendritic structure of both samples when the procedures were performed.

Electrochemical testing in body simulation fluid, fever conditions, and saline medium showed

that the lower the proportion of silicon in the samples, the higher the corrosion resistance. The

formation of a titanium oxide layer on the surface of both samples was noticed using quantitative

EDX analysis. The three-point bending test for the two samples revealed that the presence of silicon

decreases the modulus of elasticity; the surface of the samples displayed soft and hard phases in

the microhardness test. Electrochemical impedance spectroscopy (EIS) measurements were carried

out at different potentials, and the obtained spectra exhibit a two-time constant system, attesting

double-layer passive film on the samples.

Keywords: titanium alloys; Ti20Mo7Zr; Ti20Mo7Zr0.5Si; microstructure; corrosion behavior;

mechanical properties

1. Introduction

Nowadays, progress in medicine and materials development has made possible the
study, design, and application of numerous biomaterials covering a wide range of medical
fields covering orthopedics, drug administration, dentistry, skin tissue engineering, and
cardiovascular systems, among many others, for the benefit of the human being [1,2]. In
this way, people’s quality of life and longevity can be improved. However, as human life
expectancy rises, so does the elderly population, which is more prone to chronic muscu-
loskeletal diseases such as osteoarthritis. It is believed that up to 15% of the population is
affected by osteoarthritis [3].

For this reason, any biomaterial has to meet a number of requirements, the main one
being biocompatibility with the human body, which is the ability of a material to fulfill
its function in medical treatment by generating the most appropriate beneficial cellular or
tissue response in that specific situation and optimizing the clinically relevant performance
of that treatment [4,5]. In order to prevent implant loosening and to obtain a longer duration
of service, which would save revision surgery, these biomaterials must have the following
properties: high ductility, high fatigue and wear resistance, absence of cytotoxicity, and
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a combination of high strength and low Young’s modulus that is equivalent to human
cortical bone and ranges from 10 to 30 GPa. Furthermore, the implant must integrate well
with the nearby bone [2,5–8].

Biomedical implants based on polymers and ceramics show low mechanical strength
and brittleness, which limits their applications for harsh working conditions [9]. Therefore,
currently, within orthopedic surgery, it is necessary to develop prostheses made mainly of
metallic materials.

Around 70–80% of implants are made of metallic biomaterials [7]. The most commonly
used metals for medical applications are 316L stainless steel, CoCrMo alloys, and Ti and
its alloys, such as Ti6Al4V and NiTi alloys [5,10]. The modulus of elasticity of metals
is generally much higher than that of bone and prevents load transfer to the bone. The
stress shielding effect can cause osteoporosis due to the excessive difference between the
elastic modulus of metal and bone. In addition, there are few adequate metal candidates
recommended for their use as long-term implants due to the toxic effect of the ions that
they release in the adjacent tissues, their poor resistance to wear and corrosion, and,
therefore, their low biocompatibility. Nevertheless, these issues can be solved by mixing
the base metal with alloying components that do not exhibit any harmful impact on
the body [2,5,9,11].

One of the most significant risks that can be caused by a metallic implant is corrosion,
which is the deterioration of a material due to an electrochemical attack in its environment.
Losses resulting from corrosion are estimated at hundreds of billions of dollars each year.
This is in the order of 2–4% of the Gross National Product [12]. In order to prevent this
phenomenon; a film is usually produced on the surface of the material, which makes it
impermeable and protects it from the environment.

In general, titanium and its alloys have triumphed with respect to more traditional
and are today widely used in aerospace, industrial, and biomedical applications, especially
as tissue substitutes, such as dental implants, femoral heart valves, and fracture plates, due
to the possibility of modifying their properties by changing the composition of the alloying
elements, their biocompatibility with biological materials, their high corrosion resistance,
high mechanical performance, low modulus and high thermal stability [2,3,8,12–17]. Due
to titanium’s poor electrical conductivity, which aids in the material’s electrochemical
oxidation by forming a highly stable passive oxide coating on its surface naturally, this
material is biocompatible. The material is hence very resistant to corrosion [1,6,16,18].

There are three different kinds of titanium-based alloys: α, α + β, and β titanium.
When heated above 882 ◦C, pure titanium changes from its alpha structure, known as the
compact hexagonal structure (HCP), to its beta structure, body-centered cubic (BCC), as a re-
sult of an allotropic transition. Yet, the beta phase may often be kept at ambient temperature
in this element’s alloys, resulting in a material that has both phases. Additionally, changes
in alloy characteristics such as ductility, plasticity, or formability result from differences
in the relative quantities of different phases. These metallographic transformations and
the properties of titanium alloys can be improved by the addition of α-stabilizers (C, N, O,
Al), which increase the allotropic transformation temperature, β-stabilizers (V, Nb, Mo, Ta,
Fe, Mn, Cr, Co, W, Ni, Cu, Si), which decrease the allotropic transformation temperature
and the α / β ratio is affected, leading to an increase in the amount of β phase and finally
neutral stabilizers (Zr, Sn, Hf, Ge, Th) [2,19–25].

Ti6Al4V alloy is the most widely used of all titanium alloys for orthopedic applications,
as it has excellent mechanical properties, corrosion resistance in biofluids due to the
stable passive oxide layer formed on its surface, biocompatibility and its properties can be
modified by heat treatment. However, it does not have good wear resistance, even with
soft tissue friction. Furthermore, it is highly toxic, as it causes harmful tissue reactions
caused by the release of vanadium ions, which is a toxic and carcinogenic element and
can even lead to aseptic loosening of the prosthesis, and of aluminum ions which, in high
concentrations, can cause certain long-term health disorders such as peripheral neuropathy,
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dementia, apathy or severe tremors, Alzheimer’s and Parkinson’s diseases and adverse
tissue effects [15,26–32].

Taking all of this into account, four elements, Ti, Mo, Zr, and Si, were chosen for the
construction of these new alloys because there is an important demand to develop new Ti
alloys that have good mechanical properties and contain no toxic elements.

Ti-Mo alloys were investigated because molybdenum is a less poisonous element than
common metals such as cobalt, nickel, and chromium, it is a β-stabilizing element, and
some research suggests that adding molybdenum results in mechanical qualities resembling
those of human bone. It also has low cost, high melting temperature, thermal stability, and
corrosion resistance, being able to form a highly adherent stable oxide film (MoO3) that
stops titanium corrosion [11,12,19,33–36].

Ti-Mo-Zr alloys were developed because zirconium is becoming a desirable alternative
for the majority of medical applications. It is highly biocompatible with human tissues, has
a low modulus of elasticity, and is very resistant to corrosion [19,25,37,38].

New Ti-Mo-Zr-Si alloys were recently fabricated when small quantities of Si were
added to Ti-Mo-Zr because silicon is an element present in human bone and is deemed
biocompatible due to its effects on corrosion resistance, creep resistance, ductility, and
titanium strength at high temperatures. Similar to molybdenum, it is a β-stabilizing
element that affects the decline in the elastic modulus [19,32,37,39].

Thus, two new TiMoZrxSi alloys have been synthesized using a vacuum arc remelting
furnace (VAR), and their microstructure, corrosion behavior, quantitative microanalysis,
modulus of elasticity, and hardness were all examined in this study. These methods in-
cluded metallography, electrochemical, scanning electron microscopy, three-point bending,
and microhardness tests.

2. Materials and Methods

2.1. Material Preparation

We have carried out the analysis of two different compositional alternatives of new
alloys with Titanium, Molybdenum, Zirconium, and Silicon, with the purpose of perform-
ing different experiments in order to determine the effect produced by the addition of
silicon in one of the samples and in this way, to obtain their properties. The chemical
composition of the studied alloys is TiMoZr (73% Ti, 20% Mo, 7% Zr) and TiMoZr0.5Si
(72.5% Ti, 20% Mo, 7% Zr, 0.5% Si). The raw materials used were high-purity elements such
as Ti (99% purity), Mo (99% purity), and Zr (99% purity) supplied by Alfa Aesar by Thermo
Fisher Scientific. The production of these alloys was carried out at the Faculty of Materials
Science and Engineering from Ghe, Asachi Technical University of Iasi, Romania, using a
vacuum arc remelting furnace (VAR) where a consumable electrode was fused in a vacuum
at a monitored rate using the heat produced by an electric arc between the electrode and
the ingot. To achieve an adequate uniformity of the alloys, these were centrifuged and
remelted six times (three times in each part) in an inert atmosphere of argon and ultimately
solidified in an ingot. Arc melting was chosen for developing the new TiMoZrxSi alloys
because the method produces ingots of the highest purity. Part of the ingots was sent to
Las Palmas de Gran Canaria University for their preparation and testing.

First of all, the surfaces of the two samples were prepared by embedding them by
adding a 4:1 ratio of epoxy resin in molds. It is to say, for every 4 drops of resin, a drop
of catalyst was added. The samples were then cut longitudinally with a thickness of 1
to 1.5 mm using the Buehler IsoMet 4000 precision saw (Buehler, Lake Bluff, IL, USA).
Furthermore, vertical cuts of about 0.5 mm thickness were performed employing the cutting
device. Then, grinding and polishing were performed in two stages using the Struers
TegraPol-11 polishing machine (Struers ApS, Ballerup, Denmark ): using progressive grit
silicon carbide papers from 280 to 1200 and the final polishing by applying 0.1 microns of
alpha alumina suspension to polish the surfaces to a mirror finish. The experimental steps
were in accordance with ASTM E3-11(2017) for the preparation of metallography samples.
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Finally, the samples were immersed in a heated “Ultrasons-HD” ultrasonic apparatus
from J.P. Selecta (JPS, Barcelona, Spain) for 10 minutes to remove all traces of dirt and
impurities (see Figure 1).

Figure 1. Schematic representation of the material preparation.

The titanium alloys under study, as mentioned above, have a passive titanium oxide
layer that protects them from the medium, and this layer has different properties from
those of the base metal. Thus, to obtain a correct hardness measurement, first, a lower load
is applied to make the indenter penetrate to a certain depth, and then progressively higher
loads are applied to obtain the hardness values of the base metal.

2.2. Metallography

For this test, images of the sample surfaces were taken using the Axio Vert.A1 MAT
ZEISS (Zeiss, Jena, Germany) metallographic optical microscope, magnifying 10 and
20 times their actual size. Each sample was immersed in a Kroll etching reagent com-
posed of H2O, HNO3, and HF for 15 seconds, and images of the etched surface were taken.

2.3. Electrochemical Tests

In order to carry out these tests, a sample (working electrode) in Ringer’s solution is
introduced in the electrochemical cell together with two electrodes: the saturated calomel
electrode (SCE) is used as the reference electrode, and the platinum electrode acts as
the counter electrode. The Ringer Grifols solution (from Grifols Laboratories, Barcelona,
Spain) had the following contents in mmol/L: Na+ 129.9; K+ 5.4; Ca2+ 1.8; Cl− 111.7; and
C3H5O3 27.2.

Five techniques were applied using the BioLogic Essential SP-150 potentiostat (Bio-
Logic Science Instruments SAS, Seyssinet-Pariset, France): Corrosion Potential, Electro-
chemical Impedance Spectroscopy in Ringer’s solution, in saline medium, and in fever
state, Corrosion Rate, Corrosimetry, and Pitting Potential.

2.3.1. Corrosion Potential

In order to measure the corrosion potential, the “Ecorr vs. time” technique was applied
for 24 h, with potential values of ±10 V and with a potential recording every 300 s or every
time varying by 200 mV. The data obtained were plotted as a graph of potential vs. time,
which may remain constant with respect to time or show a trend toward passivation
or corrosion.
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2.3.2. Electrochemical Impedance Spectroscopy (EIS)

For the impedance measurement, “Potential Electrochemical Impedance Spectroscopy”
was selected, and the surface value and the measurement duration of 5 minutes were
entered. This measurement was performed 7 times for each sample, at ± 300 mV vs. Ecorr
in Ringer’s solution, with maximum and minimum potential values of ±10 V. These data
were represented by Bode and Nyquist diagrams and equivalent circuits.

This same technique, with the same data, was applied in the simulation of saline and
fever-state media. In the saline medium, however, the saline solution was first created using
35 g of NaCl in 1 L of solution, and the sample was immersed for 24 h. On the other hand,
in the case of fever states, the electrochemical cell was immersed in a Grant Instruments
Y14 thermostatic bath (Grant Instruments, Cambridgeshire, England), applying heat (40 ◦C)
for 24 h. After the measurements were taken, they were plotted on bode diagrams.

2.3.3. Corrosion Rate

In order to perform these measurements, the “Linear Polarization” technique was
selected, and the sample surface area value and the test duration of 20 minutes were entered
to stabilize its potential. The maximum and minimum potential values were ±10 V, with
the potential scanning presenting a 0.167 mV/s time-variation relationship from −0.025 to
0.025 V versus open circuit potential (Eoc), with data recording every 0.5 s and intensity
throughout the potential scanning at 100%. These linear polarization curves were then
plotted, and EC-Lab’s “Tafel Fit” analysis was applied to find the corrosion rate values for
each sample.

2.3.4. Corrosimetry

The measurement of the Rp was performed by applying the “Corrosimetry” technique
within the software and filling in the configuration window the parameters such as surface
area, equivalent weight, and density of the samples with the duration time of each cycle
to be performed being a total of 10 cycles for each sample, in addition to parameters
previously obtained by means of linear polarization (βa and βc). The maximum and
minimum potential values were ±10 V, and the potential scan showed a time-varying ratio
of 0.167 mV/s from −0.025 to 0.025 V versus Eoc, with data recorded every 1 s and intensity
throughout the potential scan at 100%. Next, polarization resistance data were plotted
versus time.

2.3.5. Pitting Potential

In order to carry out the test, the “Cyclic Potentiodynamic Polarization” technique was
selected where the applied potential scan was −0.7 V and 2 V with respect to the reference
electrode and with a reverse scan of up to −0.5 V with a data recording every 0.5 s and of
the intensity every time 200 mA or every 1 s varies. The maximum and minimum values of
the potential were ±10 V. After performing the test for each sample, the graphs obtained
were curves as a function of current intensity (mA) and potential (V).

2.4. Scanning Electron Microscopy (SEM)

In order to realize this test, the samples were prepared and placed inside the Zeiss
Sigma 300 VP (Zeiss, Jena, Germany) microscope using a sample holder, and a vacuum
was applied. Then, using SmartSEM, an image of the surface of the sample was taken at
1000× magnification and for 20kV, and, using SmartEDX, the quantitative microanalysis of
the sample was carried out, obtaining the percentages of the elements and the spectrum.

2.5. Three-Point Bending Test

The three-point bending method was carried out using the Bose ElectroForce® 3100
machine (Bose Corporation, Framingham, MA, USA), which complies with ISO 7438:2020
and can withstand up to 20 N of applied force. In this case, each specimen of rectangular
cross-section, with a length varying from approximately 13 to 12 mm, was placed at the
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extremities of the bottom shank of the testing device, allowing enough space between the
supports, which ranged from 7.80 to 10.63 mm, depending on the length of the specimens.
Then, a vertical load with a linear velocity of 3 mm/s was applied at the center point of the
specimen until the specimen exceeded its yield strength or split. In order to determine the
modulus of elasticity, the obtained values of the applied load versus the displacement of
the specimens were plotted, and their slope was obtained.

2.6. Microhardness

According to ISO 14577-1:2015, 10 indentations were made for each applied load of
each sample, in this case, 5 gf, 25 gf, and 50 gf using the Affri DM8 B hardness tester. When
very small loads are applied, there is a good chance that the mark will be found in only
one phase so that the hardness of that phase can be evaluated; as the load increases, the
mark may cover parts of several phases, giving an idea of the total hardness of the material.
Then, using the Aries software, the lengths of the diagonals were measured, and the Vickers
microhardness values were automatically calculated. These hardness values were plotted
against the number of indentations performed.

3. Results and Discussion

3.1. Metallography

Metallography is the study of the structural or constitutive characteristics of metals
or alloys in order to relate them to their physical and mechanical properties. In this
way, the spatial structure of the phases and compounds that make up a metallic material
may be demonstrated in this method, and the impurities, fiber orientation, and potential
mechanical flaws in the samples can also be determined [40].

After the electrochemical etching representative, metallographic images of the ana-
lyzed alloys are presented in Figure 2.

Figure 2. Microstructure by optical microscopy after chemical etching for different magnifications of

the Ti20Mo7Zr (a,c) and Ti20Mo7Zr0.5Si (b,d) sample.
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While cpTi has an HCP structure, or an α-phase, at ambient temperature, there is a BCC
structure, called β-phase, at temperatures over 883 ◦C. With the inclusion of β-stabilizers
such as Mo and Si, the β-phase is stable at temperatures below 883 ◦C; in contrast, Zr is
regarded as a neutral element since it almost has no impact on the α/β phases [2].

It can be observed that both analyzed samples, after being attacked, contain a bipha-
sic and dendritic structure, distinguishable for both magnifications. Furthermore, the
size of dendrites decreased by almost 25% with the Si addition while the interdendritic
zone increased.

3.2. Electrochemical Tests

3.2.1. Corrosion Potential

The corrosion potential is the point at which the cathodic current density becomes
anodic when a metal is introduced into the solution, although, according to the Mixed Po-
tential Theory developed by Wagner and Traud [41], the oxidation and reduction reactions
in corrosion occur at the same rate at the surface of the metal.

The evolution of corrosion potential with time is used as a quantitative criterion for
corrosion behavior but remains insufficient for a complete analysis.

We noted that the corrosion potential of both samples increased during the immersion
time, indicating the passivation of the samples in the Ringer solution. The curves did not
exhibit potential drops associated with surface activation during the exposure, suggesting
that the passive film is thermodynamically resistant in these conditions (see Figure 3).

Figure 3. Corrosion potential vs. time for 24 h of immersion in Ringer solution.

The corrosion potential of Ti20Mo7Zr0.5Si (−0.286 V) is more negative than that of
Ti20Mo7Zr (−0.150 V) and of cpTi (between −0.1 V and −0.15 V), suggesting that the
characteristics of passive film changed with Si addition [42].

3.2.2. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) allows the characterization of material
properties and electrochemical systems by applying a variable frequency sine electric poten-
tial perturbation to the study and recording the current response within the electrochemical
cell. Electrochemical impedance spectroscopy (EIS) is a high-performance technique used
for the examination of interfacial characteristics associated with processes that occur on the
surface of metallic alloys. With respect to other electrochemical techniques, EIS provides
various benefits as it is a stationary state technique, which involves the measurement of
small signals and is capable of probing, in our case, from 100 mHz to 100 KHz.

Bode and Nyquist diagrams in Ringer’s solution

The electrochemical impedance spectroscopy results are presented in Bode plots (see
Figure 4) for both alloys recorded at three different potentials in the Ringer solution. The
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maximum impedance value and the maximum phase angle for each case are presented
in Table 1.

Figure 4. Bode and Nyquist diagrams for: (a,b) Ti20Mo7Zr and (c,d) Ti20Mo7Zr0.5Si in Ringer’s solution.

Table 1. Results obtained in the Bode diagrams for the Ti20Mo7Zr and Ti20Mo7Zr0.5Si samples.

Alloys Ti20Mo7Zr Ti20Mo7Zr0.5Si

Potential [V] −0.450 −0.150 0.150 −0.586 −0.286 0.014

Max. Impedance [Ω] 21,380 38,905 51,286 38,019 60,256 50,119

Max. phase angle [◦] 72 76 77 73 79 74

For the sample Ti20Mo7Zr, when analyzing Figure 4a and Table 1, the impedance and
phase angle values tend to increase as the applied potential becomes more positive. The
process occurs in a single stage (time constant) as the curve tends to decrease. Whereas,
for the Ti20MoZr sample, both Figure 4b and Table 1 show an increase in the impedance
and phase angle values as the applied potential value increases, apart from the 0.014 V
potential curves, where the values decrease, and it is observed that, at 0.1 Hz, the Bode
Phase curve presents two-time constants. Therefore, the maximum corrosion resistance
value was obtained by the Ti20Mo7Zr0.5Si sample.

Equivalent Circuits

For all the EIS spectra of cpTi, a capacitive behavior can be observed that was fitted by
the compact passive film model [42] in Figure 5, the circuit that has been adapted to the
results obtained by means of the Bode diagrams in Ringer’s solution is R(QR)(QR). This
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circuit indicates that the samples present a resistance to dissolution and two passive layers
(porous and compact) until the alloy is reached.

Z(f) = R1 +
R2

R2Q2(j2πf)n2 + 1
+

R3

R3Q3(j2πf)n3 + 1
(1)

Figure 5. Equivalent circuit R(QR)(QR).

Equation (1) indicates the impedance value for the equivalent circuit R(QR)(QR).
According to Equation (1), the value of the impedance depends on the following parameters:

- R1: Resistance of the dissolution.
- R2: Resistance of the porous layer.
- R3: Resistance of the compact layer.
- Q2 and Q3: Constant phase element.
- f: Frequency.
- n2 and n3: Parameter indicating whether the constant phase element simulates a

capacitor (n = 1), a semi-infinite Warburg impedance (n = 0.5), or a resistor (n = 0).

Sample Ti20Mo7Zr

After the selection of the equivalent circuit, the values of the circuit resistances and
the constant phase elements (Table 2) were obtained, and the values of the impedance and
phase angle measured and calculated by this circuit were plotted for the most negative and
the most positive potential (Figure 6), thus obtaining the value of the corrosion resistance
of the passive layers higher for the most positive potential.

Figure 6. Cont.
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Figure 6. Bode diagram of the measured and calculated impedance and angle of the Ti20Mo7Zr

sample at potentials −0.450 V (a) and 0.150 V (b) using the equivalent circuit R(QR)(QR).

Table 2. Equivalent circuit R(QR)(QR) of sample Ti20Mo7Zr.

Potential R1 (Ω) Y01 (S × Secn) n1 R2 (Ω) Y02 (S × Secn) n2 R3 (Ω) χ2

−0.450 V 31.55 1.48 × 10−4 0.76 3.41 × 103 7.25 × 10−5 0.95 1.18 × 105 4.73 × 10−4

0.150 V 31.47 2.78 × 10−5 0.98 8.00 × 104 5.53 × 10−5 0.82 7.72 × 103 4.45 × 10−4

Sample Ti20Mo7Zr0.5Si

For the Ti20Mo7Zr0.5Si sample, the measured impedance and phase angle values were
plotted as calculated by the circuit using Figure 7, and the values of the circuit resistances
and constant phase elements were obtained (Table 3). In this case, the values of the corrosion
resistance of the porous layers were higher for the more positive potential.

In this case, higher corrosion resistance was obtained in the compact layer for the
most negative potential. However, in the porous layer, it was higher for the most positive
potential.

Table 3. Equivalent circuit R(QR)(QR) of sample Ti20Mo7Zr0.5Si.

Potential R1 (Ω) Y01 (S × Secn) n1 R2 (Ω) Y02 (S × Secn) n2 R3 (Ω) χ2

−0.586 V 18.2 6.87 × 10−9 0.99 1.16 × 101 3.98 × 10−5 0.81 2.01 × 106 5.19 × 10−4

0.014 V 29.6 1.97 × 10−5 0.89 7.36 × 104 1.52 × 10−4 0.75 4.78 × 102 5.49 × 10−4

Simulation of Saline Environments

In view of the Bode diagram curves in Figure 8 and the results in Table 4, it is ob-
served that the values of the logarithm of the impedance and phase angle tend to increase
with the application of a more positive potential and, therefore, the corrosion resistance
increases, which is maximum for the Ti20Mo7Zr0. 5Si sample. The dissolution process
of the Ti20Mo7Zr sample occurs in two stages, while that of the Ti20Mo7Zr0.5Si sample
occurs in three stages, as the phase angle curve grows, decreases, grows, decreases, and
grows again.
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Figure 7. Bode diagram of the measured and calculated impedance and angle of the Ti20Mo7Zr0.5Si

sample at potentials −0.586 V (a) and 0.014 V (b) using the equivalent circuit R(QR)(QR).

Table 4. Results obtained in Bode diagrams for Ti20Mo7Zr and Ti20Mo7Zr0.5Si in saline environments.

Alloys Ti20Mo7Zr Ti20Mo7Zr0.5Si

Potential [V] −0.450 −0.150 0.150 −0.586 −0.286 0.014

Max. Impedance [Ω] 29,512 43,652 45,709 3981 4786 5129

Max. phase angle [ ◦] 72 74 73 60 63 66
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Figure 8. Bode and Nyquist diagrams for: (a,b) Ti20Mo7Zr and (c,d) Ti20Mo7Zr0.5Si in saline

environments.

Simulation of Fever States (40 ◦C)

As in the salt medium simulation, it can be seen in Figure 9 and Table 5 that the
impedance and phase angle values tend to increase as the applied potential becomes
more positive. The dissolution process of the Ti20Mo7Zr sample occurs in three stages
as the phase angle curve grows, decreases, grows, and decreases again. However, in the
Ti20Mo7Zr0.5Si sample, only two-time constants are observed. In this case, the highest
corrosion resistance value was presented by Ti20Mo7Zr.

Table 5. Results obtained in Bode diagrams for Ti20Mo7Zr and Ti20Mo7Zr0.5Si a 40 ◦C.

Alloys Ti20Mo7Zr Ti20Mo7Zr0.5Si

Potential [V] −0.450 −0.150 0.150 −0.586 −0.286 0.014

Max. Impedance [Ω] 40,738 56,234 61,660 22,387 42,658 47,863

Max. phase angle [ ◦] 48 50 50 71 78 76

3.2.3. Corrosion Rate

The corrosion rate provides information about the impact of an environment on
material and can be found by means of linear polarization curves, which are represented
by potential and intensity.

The linear polarization test carried out to determine the corrosion rate of the alloys,
plotted on a semi-logarithmic scale of current values, is presented in Figure 10.
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Figure 9. Bode and Nyquist diagrams for: (a,b) Ti20Mo7Zr and (c,d) Ti20Mo7Zr0.5Si in Ringer’s

solution at 40 ◦C.

Figure 10. Comparison of the polarization curves of the samples.

It can be observed more anodic corrosion potential values for Ti20Mo7Zr0.5Si than
those of Ti20Mo7Zr. The corrosion current (icorr) is indicative of the degree of oxidation of
the alloy, and it can be observed that it is bigger for the alloy with Si addition. The Tafel
slopes (βa and βc) were determined by analyzing the curve plotted in a range of ±250 mV
vs. open circuit potential (OCP). An alloy with a tendency to passivate will have a value
of βa greater than βc, whereas an alloy that tends to corrode will have an anodic slope
smaller than the cathodic slope. In our case (see Table 6), both alloys tend to passivate.
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Table 6. Corrosion parameters entered and obtained for all samples tested.

Parameters Ti20Mo7Zr Ti20Mo7Zr0.5Si

Ecorr (mV vs. Ref) −228.76 −282.06
Icorr (nA/cm2) 1.94 2.58
βc (mV/dec) 12.8 12.9
βa (mV/dec) 19.2 17.3

Equivalent weight (g/eq) 60.52 60.42
Density (g/cm3) 5.75 5.77

Surface (cm2) 1.03 0.78
Corrosion rate (mpy) 2.63 × 10−3 3.50 × 10−3

Table 6 shows the parameters of the Tafel line and the corrosion rate (CR) of the
tested samples, which is expressed in thousandths of an inch of annual penetration (mpy)
according to the following equation:

CR =
Icorr × K × EW

d × A

where:
Icorr is corrosion current (in A).
K is the constant that defines the units of the corrosion rate (1.288 × 105 miliinches/A-

cm-year).
EW is the equivalent weight (in g/cm3).
A is the sample area (in cm2).
In this case, a maximum corrosion rate of 3.50 × 10−3 mpy (Ti20Mo7Zr0.5Si) and a

minimum corrosion rate of 2.63 × 10−3 mpy (Ti20Mo7Zr) were obtained, while cpTi in the
same conditions has a higher corrosion rate of 4.8 × 10−3 mpy [42].

3.2.4. Corrosimetry

Corrosimetry is designed to follow the evolution of standard corrosion values (Rp,
Ecorr, Icorr) as a function of time. The polarization resistance (Rp) is defined as the slope of
the potential-current density curve at the free corrosion potential and is inversely propor-
tional to the uniform corrosion rate.

After obtaining the corrosion rate, Figure 11 shows the variation of the polarization
resistance with respect to the 3 hours’ time for the two study samples.

Figure 11. Polarization resistance versus time of Ti20Mo7Zr and Ti20Mo7Zr0.5Si.

For both samples, it was not possible to appreciate a behavior of decrease or increase
in the polarization resistance with respect to the time, being in the case of Ti20Mo7Zr0.5Si,
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the obtained values of the polarization resistance were very dispersed during the duration
of the test. Then, it could be verified in the EC-Lab software manual that this is a technique
that requires application over long periods of time (months). Therefore, it was decided to
apply the “Rp Fit” analysis of the EC-Lab software to the linear polarization plots of the
corrosion rate, where the X-axis shows the potential Vs. the reference electrode, while the
Y-axis shows the current intensity.

The data obtained for the polarization resistance are shown in Table 7. As the value of
the polarization resistance (Rp) is bigger, the alloy is more resistant to corrosion. For highly
corrosion-resistant materials, the Rp may even reach 106

Ω·cm2, so both alloys are very
resistant to corrosion.

Table 7. Polarization resistance of Ti20Mo7Zr and Ti20Mo7Zr0.5Si applying “Rp Fit.”

Parameters Ti20Mo7Zr Ti20Mo7Zr0.5Si

Rp (Ohm·cm2) 836,389 1,080,000
Ecorr (mV) −226.32 −233.88

Icorr (μA/cm2) 3.99 × 10−3 2.97 × 10−3

3.2.5. Pitting Potential

Pitting is one of the most insidious forms of localized corrosion in which small holes
appear on the surface of the material since the passive layer on the surfaces of many metals
breaks down in the presence of ionic concentrations such as chlorides and bromides. The
pitting corrosion behavior of titanium alloy samples in Ringer’s solution was examined by
cyclic potentiodynamic polarization at room temperature, and the plots of intensity versus
time were plotted in Figure 12.

Figure 12. Current versus potential curve of Ti20Mo7Zr and Ti20Mo7Zr0.5Si samples.

The Ti20Mo7Zr sample reaches the maximum 2 V set in the test parameters without
corroding. The same happens with Ti20Mo7Zr0.5Si, although, in this case, when the sample
reaches 2 V, the intensity values are higher.

3.3. Scanning Electron Microscopy (SEM)

Scanning electron microscopy is a topographical, structural, and compositional analy-
sis technique widely used in the study of semiconductors or nanoparticles, among others.

Energy dispersive X-rays spectroscopy EDX results for the investigated area of each
sample after the corrosion process are presented in Figure 13.
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Figure 13. EDX spectra for Ti20Mo7Zr (a) and Ti20Mo7Zr0.5Si (b) samples and quantification (c,d).

EDX spectra show the energy dispersive obtained for both samples, which indicate
the presence of the constituent elements in addition to oxygen (see Figure 13c,d), probably
due to the formation of the titanium oxide layer and the corrosion processes carried
out previously. On the other hand, with respect to the quantitative values provided, by
selecting only a small area of the part of the sample surface at 1000 magnification by SEM,
the percentages differ with respect to those produced by the manufacturer due to the fact
that on the alloy’s surface there are dendrites and interdendritic areas and the area selected
for the microanalysis could have been found in one of the different phases presented by the
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sample. It can be observed that there is one area rich in Mo, Zr, and Si and another area
rich in Titanium.

3.4. Three-Point Bending Test

After determining the values of the modulus of elasticity for each specimen, it was de-
cided to calculate the mean of the samples tested, taking into account their mean deviation,
which corresponds to the arithmetic mean of the absolute values of the deviations from
the mean.

In Table 8, the average value of the modulus of elasticity of the tested specimens of the
Ti20Mo7Zr sample was 86.85 ± 10 GPa, while, in the case of sample Ti20Mo7Zr0.5Si, it was
obtained at 49.33 ± 12 GPa, which is lower than the other specimen and close to Young’s
modulus of human bone.

Table 8. Modulus of elasticity values obtained from the tested specimen of Ti20Mo7Zr and Ti20Mo7Zr0.5Si.

Sample E Average (GPa)

Ti20Mo7Zr 86.85 ± 10.16
Ti20Mo7Zr0.5Si 49.33 ± 12.00

In turn, these results obtained are in similar ranges to those found in previous research
for the TiMoZrTa alloy (52–69 GPa). However, if zirconium is eliminated in the alloy of
this study (TiMoSi), lower values of the modulus of elasticity (20–43 GPa) close to that of
human bone (7–30 GPa) are obtained [19]. On the other hand, when compared to more
common dental and commercially used alloys such as CoCrMo (210–253 GPa), stainless
steel (190–210 GPa), Ti6Al4V (119 GPa), C. P. Ti (105 GPa), it can be stated that the new
alloy, TiMoZrSi, has a much lower modulus of elasticity.

3.5. Microhardness

Generically, this test consists of applying a vertical load on the surface of the samples
using the pyramidal tetrahedral indenter of the hardness tester, which has an angle between
edges of 136◦, until the indentation is created and, following the Vickers method, the load
applied, and the area left in the indentation are related.

For the analysis of the results obtained in this technique, according to the equivalent
circuit obtained in the electrochemical tests, it must be taken into account that these alloys
have different layers: the porous passive layer, the compact passive layer, and the base
metal. Therefore, if a very small load is applied, the indenter will only reach the porous
layer, but with increasing loads, the hardness of the base metal can be reached.

For both samples, the graphs in Figure 14 show widely dispersed Vickers hardness
values of each indentation for each sample at each applied load (5, 25, and 50 gf), attributed
to the different hardness values of the α and β phases, as well as the crystalline orientation
within the material. Therefore, the surface of the samples had soft and hard zones, as
shown in Table 9.

Table 9. Microhardness values of applied loads of soft and hard phase Ti20Mo7Zr and Ti20Mo7Zr0.5Si.

Ti20Mo7Zr Ti20Mo7Zr0.5Si

Load (g)
Microhardness (HV) Microhardness (HV)

Soft Phase Hard Phase Soft Phase Hard Phase

5 174 343 275 357
25 192 386 323 371
50 318 374 323 366
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Figure 14. Microhardness values of each indentation for the 5 (a), 25 (c), and 50 g (e) loading of the

Ti20Mo7Zr sample and for the 5 (b), 25 (d), and 50 g (f) loading of the Ti20Mo7Zr0.5Si sample.

Thus, the maximum values of the hard phase obtained during this test with respect to
the Vickers microhardness occurred in the Ti20Mo7Zr0.5Si sample, while in the soft zone of
Ti20Mo7Zr0.5Si, they are slightly higher. This phenomenon is due to the previous forming
of the alloy. Moreover, the maximum hardness values obtained in this study were lower
than those of common alloys such as Ti6Al4V (541 HV) and CoCrMo (155-601 HV) [19] but
higher than for cpTitanium [43].
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4. Conclusions

This research evaluated and compared the corrosion behavior and mechanical prop-
erties of two titanium alloys. By means of microstructural analysis, corrosion potential
curves, EIS, corrosion rate, pitting potential, corrosimetry, SEM, three-point bending test,
and microhardness, the following conclusions have been reached:

• The surfaces of the attacked samples have similar dendritic biphasic structures. The
size of the dendrites decreases with the addition of silicon. On the surface of the alloys,
there is one area rich in Mo, Zr, and Si and another area rich in Titanium. The presence
of a passive oxide layer on the surface of each sample was detected by EDX results,
with a porous aspect in contact with the electrolyte and a compact structure in contact
with the alloy.

• The potential of both samples increased during the immersion time with no drops in
potential values, which demonstrated that the passive film formed on the surface is
thermodynamically resistant in these conditions. The polarization resistance (Rp) is
very big, so both alloys are very resistant to corrosion.

• The low corrosion rates and low corrosion currents testify to the good performance
of the studied samples in the analyzed environment, Ringer solution, saline solution,
and fever simulation.

• The modulus of elasticity and hardness values obtained for both new alloys were lower
than those of many commercial alloys. Moreover, the addition of silicon decreases
the modulus of elasticity by almost 45% compared to the alloy without silicon, thus
approaching the modulus of elasticity of bone.

In view of the results obtained, the new alloys showed good mechanical properties
(hardness and modulus of elasticity) and high corrosion resistance in comparison with
commercial alloys.
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Abstract: The main purpose of this research is to evaluate the mechanical characteristics and biocom-

patibility of two novel titanium alloys, Ti15Mo7ZrxSi (x = 0, 0.5, 0.75, 1). These samples had already

undergone grinding, polishing, cutting, and chipping. Electrochemical, metallographic, three-point

bending, and microhardness studies were conducted on the studied materials to determine their

corrosion behavior, microstructure, Young’s modulus, and hardness. The first investigations revealed

that both samples had biphasic and dendritic structures, elastic moduli that were between the highest

and minimum values achieved by around 20 GPa, and favorable behavior when in contact with

physiological fluids at ambient temperature. Ti15Mo7Zr0.5Si and Ti15Mo7Zr0.75Si, the research

samples, had greater corrosion potentials, reduced corrosion rates, and therefore higher corrosion

resistance, as well as modulus of elasticity values that were comparable to and closer to those of

human bone. The results of this investigation indicate that both alloys exhibit favorable corrosion

behavior, great biocompatibility, Young’s modulus results lower than those of conventional alloys

used in biomedical implants, and hardness values higher than commercially pure titanium.

Keywords: titanium-based alloys; microstructure; corrosion behavior; mechanical properties

1. Introduction

Nowadays, there is a growing interest in the development of biomaterials for various
medical applications, such as orthopedics [1], drug administration [2,3], dentistry [4], tissue
engineering [5], and cardiovascular systems [6]. These biomaterials aim to improve the
quality of life and longevity of individuals, particularly in the context of chronic muscu-
loskeletal diseases like osteoarthritis, which affects a significant portion of the population.

Biocompatibility is a crucial requirement for any biomaterial intended for medical
use. Biocompatibility refers to the ability of a material to fulfill its function in medical
treatment without causing adverse reactions in the body. To be successful, biomaterials
must possess specific properties, including high ductility, fatigue and wear resistance,
absence of cytotoxicity, a combination of high strength and low Young’s modulus similar
to human cortical bone (ranging from 10 to 30 GPa), and the ability to integrate well with
the surrounding bone.

While polymers and ceramics are commonly used biomaterials [7], they often exhibit
low mechanical strength and brittleness, limiting their applications in harsh conditions.
Therefore, metallic materials, particularly titanium and its alloys [8], have gained promi-
nence in orthopedic surgery. Approximately 70–80% of implants are made from metallic
biomaterials, such as 316L stainless steel, CoCrMo alloys, Ti6Al4V, and NiTi alloys [9].

However, using metals as implants presents challenges as the higher elastic modulus
of metals compared to bone can lead to stress shielding, causing osteoporosis due to the
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mismatch in mechanical properties. Moreover, many metallic biomaterials release toxic
ions into adjacent tissues, exhibit poor wear and corrosion resistance, and may have low
biocompatibility [10]. To address these issues, the addition of alloying components that do
not have harmful effects on the body has been explored [11,12].

Corrosion is a significant concern when using metallic implants, as it can lead to
material deterioration and subsequent implant failure. To prevent corrosion, a protective
film is usually formed on the material’s surface to make it impermeable to the surrounding
environment. Titanium and its alloys have emerged as suitable biomaterials for various
applications due to their biocompatibility, corrosion resistance, mechanical properties, low
modulus of elasticity, and thermal stability [13–16]. Titanium’s ability to form a stable oxide
coating on its surface contributes to its excellent corrosion resistance.

Different types of titanium-based alloys exist, including α, α + β, and β titanium
alloys. The addition of alloying elements allows for the modification of alloy properties.
α-stabilizers (C, N, O, Al) increase the allotropic transformation temperature, while β-
stabilizers (V, Nb, Mo, Ta, Fe, Mn, Cr, Co, W, Ni, Cu, Si) decrease it [8,15,17].

Titanium–molybdenum (Ti-Mo) alloys have gained attention as potential biomaterials
due to their favorable mechanical and corrosion resistance. Ti-Mo alloys can form a stable
oxide layer on their surface, protecting them from corrosion and degradation in aggressive
environments [18–20].

The design considerations for Ti-Mo-Zr alloys were based on several factors influ-
enced by fabrication method [21] or another alloying element, such as chromium [22].
Titanium is considered to have extremely low toxicity for the human body and exhibits
excellent interaction with bone due to its corrosion resistance and lack of rejection by the
body. Molybdenum is a beta-stabilizing element with low toxicity and can help adjust
the alloy’s mechanical properties to be more similar to human bone by decreasing the
modulus of elasticity. Zirconium, a neutral stabilizer, is becoming increasingly desirable for
medical applications due to its biocompatibility, low modulus of elasticity, and corrosion
resistance [23].

In recent years, Ti-Mo-Zr-Si alloys have been developed as potential biomaterials by
incorporating small quantities of silicon into Ti-Mo-Zr alloys [24]. Silicon is a biocompatible
element found in human bone, and its addition to the alloy improves corrosion resistance,
creep resistance at high temperatures, ductility, and strength. It also contributes to reducing
the elastic modulus, making it closer to that of human bone [25,26]. The specific effects
of silicon content on titanium alloys can vary depending on the other alloying elements,
processing conditions, and the intended application of the alloy. Therefore, comprehensive
testing and characterization are necessary to determine the optimal silicon content for a
particular titanium alloy to achieve the desired properties.

In the current study, a Ti-15Mo-7Zr base alloy is considered, and we analyze the effect
of the addition of silicon (with 0%, 0.50%, 0.75%, and 1.00% Si) in the microstructure, and
the corrosion resistance, microhardness, and elastic modulus of the alloys obtained in an
effort to develop new alloys for biomedical applications.

2. Materials and Methods

2.1. Material Preparation

The examined alloys’ chemical compositions (%wt) are shown in Table 1. The alloys
were produced using the arc remelting method in an argon environment. The melting
process takes place under high vacuum conditions, achieved by utilizing a pump system
to evacuate the working chamber. When the samples are melted, the presence of oxygen
leads to a significant decrease in vacuum within the working chamber. Once the high
vacuum is restored, argon is introduced into the working chamber, where the samples
are melted, under atmospheric conditions. This approach ensures the proper temperature
and facilitates easy handling of the samples, resulting in a high level of uniformity in their
chemical composition.
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Table 1. Ti15Mo7ZrxSi experimental samples’ chemical composition obtained by EDX (wt %).

Alloy Ti (%) Mo (%) Zr (%) Si (%)

Ti15Mo7Zr 77.87 15.03 7.10 -
Ti15Mo7Zr0.5Si 77.52 15.10 6.89 0.49
Ti15Mo7Zr0.75Si 78.15 14.59 6.53 0.73

Ti15Mo7Zr1Si 77.24 15.00 6.79 0.97

The Faculty of Materials Science and Engineering at Gheorghe Asachi Technical
University in Iasi, Romania, carried out this technique. The alloys were melted, then
remelted six times (three times in each face), and finally formed into an ingot in order to
obtain the proper homogeneity. Moreover, for their preparation and testing, Las Palmas
de Gran Canaria University (Las Palmas de Gran Canaria, Spain) received a portion of
the ingots.

Several operations were carried out as a first step to analyze the electrochemical,
metallographic, bending, and microhardness properties of the studied samples, such as
embedding the samples by adding epoxy resin or catalyst in a 4:1 ratio into a mold, which
was demolded after 24 h. The specimens were then cut into 1 to 1.5 mm thick plates using
a grinding wheel and jaws on a Buehler IsoMet 4000 precision saw (Chicago, IL, USA). For
the mechanical and electrochemical testing, the sliced specimens were reassembled. The
specimens were then polished using the Struers TegraPol-11 polishing machine (Copen-
hagen, Denmark) at a force of 20 N and at a speed of 300 rpm. The progressive carbide
grinding method was utilized. Carbide abrasive sheets of increasing grit were utilized,
beginning with 400 grits, and ending with P2500 grit. Finally, mirror polishing cloths with
0.1 μm α alumina suspension were utilized. These procedures for sample preparation for
metallographic testing followed ASTM E3-11(2017) [27]. In order to realize the mechanical
tests, vertical slices with a thickness of about 2 mm were produced once more on the
cutting machine.

2.2. Microstructure

The compounds and phases that make up a metallic substance are arranged spatially
in metallography, together with any impurities or potential mechanical faults.

Images of the surfaces of every specimen were acquired using the Axio Vert.A1 MAT
ZEISS optical metallographic microscope (Jena, Germany) to analyze the microstructure.
At intervals of about 15 s, each sample was submerged in Kroll’s reagent, which is made of
20 mL glycerin, 30 mL hydrochloric acid, and 10 mL nitric acid, and the attacked surface
was photographed. The test was carried out three times.

2.3. Electrochemical Tests

A sample was placed in an electrochemical cell with three electrodes for the electro-
chemical tests: the samples acted as the working electrodes, a saturated calomel electrode
served as the reference electrode, and a platinum electrode acted as the counter electrode.
The area of each sample was determined to run the tests. The mmol/L values of the Grifols
Laboratories’ (Barcelona, Spain) Ringer solution were as follows: Na+ 129.9, Cl− 111.7,
C3H5O3 27.2, K+ 5.4, and Ca2+ 1.8.

Corrosion Potential, Corrosion Rate, and Electrochemical Impedance Spectroscopy
were performed by applying the BioLogic Essential SP-150 potentiostat (Seyssinet-Pariset,
France). The tests were performed at 25 ◦C in aerated Ringer solution.

2.3.1. Corrosion Potential (Ecorr)

Applying the “Ecorr vs. Time” approach found in the Ec-Lab program, the 24 h
corrosion potential of each sample was determined. Potential readings were taken every
300 s or every time there was a 100 mV change in potential. The collected data were
analyzed, and a potential versus time graph was created.
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2.3.2. Corrosion Rate (Vcorr)

The “Linear Polarization” approach was selected to carry out these experiments [28],
and the sample surface area value and the 20 min test period were entered to verify its
viability. With data taken every 0.50 s, the potential scanning revealed a 0.167 mV/s time-
variation relationship from −0.025 to 0.025 V against open circuit potential (OCP) and
intensity maintained at 100 % during the potential scanning [29]. Following the presentation
of these linear polarization curves, EC-Lab’s “Tafel Fit” approach was used to obtain the
corrosion rate estimates for each sample.

2.3.3. Electrochemical Impedance Spectroscopy (EIS)

The AC impedance measurements were recorded with an AC potential amplitude of
20 mV and single sine wave measurements were conducted at frequencies between 10−1 and
2 × 10−5 Hz. To analyze the characteristics of the oxide film, the impedance spectra were
recorded at 7 different DC potentials around corrosion potential, in the range Ecorr ± 300 mV,
with a 100 mV step from Ecorr, permitting the system to stabilize for 5 min at each potential.
To represent these data, Nyquist and Bode diagrams were utilized, and for their simulation,
equivalent circuits (EC) were employed [30].

2.4. Three-Point Bending Test

The Bose ElectroForce® 3100 machine (Framingham, MA, USA) was used to perform
the three-point bending method; it complies with ISO 7438:2020 [31] and has a 20 N force
resistance limit.

In order to realize this methodology, each rectangular cross-section specimen was
positioned at the extremities of the bottom shank of the testing apparatus, with a distance
between supports ranging from 7.80 to 10.63 mm depending on the specimen length.
During the experiment, the specimen was loaded vertically while moving at a 3 mm/s
linear speed at its center until it reached its yield stress or broke. The obtained values of the
applied force against the displacement of the samples were plotted, and their slope was
calculated to establish the modulus of elasticity.

2.5. Microhardness Test

Using the Future Tech FM-810 hardness tester (Kawasaki, Japan), for each sample’s
applied load, in this case 5, 25, and 50 gf, 10 measurements were taken, in accordance
with ISO 14577-1:2015 [32]. The mark may contain fragments of many phases as the stress
rises, providing an approximation of the material’s total hardness. When relatively light
weights are placed, it is likely that the mark will only be discovered in one phase, allowing
the hardness of that phase to be assessed. The Vickers microhardness values were then
computed automatically by the iVicky software (v2.0, Sinowon, Dongguan, China) using
the observed diagonal lengths. The number of indents created was plotted against the
scan length.

3. Results and Discussion

3.1. Microstructural Analysis

Figure 1 displays the surfaces of the four studied samples after they were etched with
the reagent.

At room temperature, cpTi has a hexagonal closest-packed (HCP) structure with an α-
phase, but beyond 883 ◦C, it has a body-centered cubic (BCC) structure with a β-phase [33].

In contrast to Zr, which is regarded as a neutral element because it virtually has no
influence on the α/β-phases, the β-phase is stable at temperatures below 883 ◦C when Mo
and Si are present [8].

After being chemically etched, it can be seen that all four of the tested samples had a
biphasic and dendritic structure. Additionally, the addition of Si caused the interdendritic
zone to expand while the size of the dendrites dropped by about 12% as the silicon concen-



Materials 2023, 16, 4906 5 of 15

tration increased with 0.25%. Fine grains hinder the propagation of cracks, enhancing the
material’s resistance to fatigue.

Figure 1. Optical microstructure after Kroll reagent etching for (a) Ti15Mo7Zr, (b) Ti15Mo7Zr0.5Si,

(c) Ti15Mo7Zr0.75Si, and (d) Ti15Mo7Zr1Si samples.

3.2. Electrochemical Tests

3.2.1. Corrosion Potential (Ecorr)

A quantitative measure of corrosion behavior is corrosion potential evolution over
time, although this information is still insufficient for a thorough examination.

Figure 2 and Table 2 show the curves of corrosion potential as a function of time after
24 h of immersion in Ringer’s solution with their respective values of initial potential, after
1 hour and after 24 h of testing. The potential, known as open-circuit potential (OCP) in
these circumstances, reveals the sample’s tendency for corrosion. From the data obtained
after one hour of immersion, the potential of the samples Ti15Mo7Zr, Ti15Mo7Zr0.75Si,
and Ti15Mo7Zr1Si increases due to passivation of the surfaces, reaching values between
−0.337 V and 0.328 V, while the potential of Ti15Mo7Zr0.5Si slightly decreases to −0.227 V.

Figure 2. Corrosion potential curves for Ti15Mo7Zr, Ti15Mo7Zr0.5Si, Ti15Mo7Zr0.75Si, and

Ti15Mo7Zr1Si alloys after 24 h’ immersion.
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Table 2. For the four samples dipped in Ringer Grifols solution, open-circuit potential (OCP) mea-

surements were made initially, one hour later, and one day later.

Alloy
OCP, V vs. SCE

Initial After 1 h After 1 Day

TiMo15Zr7 −0.432 −0.337 −0.194
TiMo15Zr7Si0.5 −0.207 −0.227 −0.194

TiMo15Zr7Si0.75 −0.294 −0.284 −0.263
TiMo15Zr7Si1 −0.546 −0.307 −0.308

Overall, during the 24 h experiment, the potentials of every studied sample increased
because of the passive layer thickening, reaching final values of −0.194 V, −0.194 V,
−0.263 V, and −0.308 V, respectively. Therefore, the potential curves tended to increase
progressively until signs of a possible stabilization of the potential could be observed,
suggesting that the passive layer is thermodynamically resistant under Ringer’s solu-
tion conditions, with the exception of Ti15Mo7Zr0.75Si, which presents a plot with many
irregular peaks.

Since the corrosion potentials values of Ti15Mo7Zr and Ti15Mo7Zr0.5Si are equal and
they are higher to those of the examined samples and cpTi (from −0.10 V to −0.15 V), this
indicates that the inclusion of Si alters the passive layer’s properties.

As the Si content in the titanium alloy increases, the corrosion potential becomes
more negative. This shift towards more negative values suggests that the alloy becomes
more susceptible to corrosion and indicates a decrease in the alloy’s stability in the given
environment. If the added silicon content exceeds 0.5%, the open circuit potential shifts to
more negative values due to the formation of galvanic couples between the Si-containing
regions and the rest of the titanium alloy, leading to localized electrochemical reactions
and a negative shift in the OCP. The Si content may influence the composition, thickness,
and stability of the passive oxide layer formed on the surface of the alloy. Changes in the
passivation behavior can result in variations of the OCP.

3.2.2. Corrosion Rate (Vcorr)

Figure 3 shows the results of the linear polarization technique, which was performed
to measure the alloys’ rate of corrosion, displayed on a semi-logarithmic scale of the
current results.

Figure 3. Polarization curves of the four test samples.

Ti15Mo7Zr1Si shows higher values of anodic corrosion potential and current (Ecorr

and Icorr, respectively), which is a measure of how much the alloy has been oxidized, than
the other samples studied, as can be seen in Table 3. By examining the curve displayed
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against open circuit potential (OCP) across a range of 0.25 V, Tafel slopes (βc and βa) were
calculated. An alloy prone to passivation will have a value of a greater than c, while an
alloy prone to corrosion will have a value of a less than c. In our case, all four samples have
a tendency to passivate, i.e., to have a passive layer created on their surface.

Table 3. Corrosion parameters for all samples tested.

Parameters Ti15Mo7Zr Ti15Mo7Zr0.5Si Ti15Mo7Zr0.75Si Ti15Mo7Zr1Si

Ecorr (mV vs. Ref) −305.03 −264.59 −337.50 −445.46

Icorr (nA/cm2) 2.00 2.40 2.00 4.00
βc (mV/dec) 13.30 14.70 12.00 9.60
βa (mV/dec) 15.30 16.70 15.80 10.00

Equivalent weight (g/eq) 58.12 58.02 57.97 57.92

Density (g/cm3) 5.50 5.49 5.48 5.48

Surface (cm2) 0.62 0.31 1.23 0.63
Corrosion rate (μm/year) 0.11 0.03 0.06 0.22

Rp (Ω·cm2) 9.86 × 105 6.09 × 106 1.2 × 106 4.48 × 105

Moreover, using the corrosion current (Icorr), the constant (K) that establishes the
corrosion rate units (1.288 × 105 miliinches/A-cm-year), the equivalent weight (EW) in
g/eq, the density (d) in g/cm3, and the area (A) of each sample (in cm2), Table 3 displays
the Tafel curve parameters and the corrosion rate (Vcorr) of the tested samples.

Vcorr =
Icorr·K·EW

d·A
(1)

In this case, a minimum Vcorr of 0.03 μm/year (Ti15Mo7Zr0.5Si) and a maximum Vcorr

of 0.22 μm/year (Ti15Mo7Zr1Si) were achieved, whereas commercial pure titanium, under
similar circumstances, had a greater Vcorr of 0.12 μm/year.

As the polarization resistance (Rp) value rises, the alloy’s corrosion resistance increases,
according to the results of the “Rp Fit” study performed using the EC-Lab program on
the linear polarization curves of the Vcorr. Ti15Mo7Zr0.5Si and Ti15Mo7Zr0.75 alloys are
extremely corrosion-resistant, with the Rp even reaching 106

Ω·cm2 for highly corrosion-
resistant materials, whereas Ti15Mo7Zr and Ti15Mo7Zr1Si had lower values of about
105

Ω·cm2. Thus, the Ti15Mo7Zr1Si sample obtained the worst corrosion resistance [34].

3.2.3. Electrochemical Impedance Spectroscopy (EIS)

A high-throughput method for examining interfacial properties linked to processes
occurring on the alloy surfaces is electrochemical impedance spectroscopy. EIS has a variety
of benefits over other electrochemical techniques, since it is a steady-state methodology
that can probe, in this case, from 0.1 Hz to 1 × 106 Hz and can quantify very small signals.

Each alloy’s EIS data are shown in Nyquist and Bode plots for the seven distinct
potentials that were recorded in Ringer solution. By measuring EIS at both cathodic and
anodic potentials relative to the corrosion potential, it is possible to obtain a comprehensive
understanding of the corrosion behavior of the alloy over a range of electrochemical
conditions. This information helps to evaluate the overall corrosion resistance and stability
of the alloy in the given environment and identify critical potentials or conditions that favor
corrosion or passivation.

When using Nyquist graphs, the hypothetical impedance results were contrasted with
the actual values. For each and every applied potential, a capacitive arc is shown in Figure 4.
In general, in these Nyquist curves, a capacitive arc is shown and it can be seen that the
impedance values increase as more positive potentials are applied.
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Figure 4. Nyquist diagrams for Ti15Mo7Zr (a), Ti15Mo7Zr0.5Si (b), Ti15Mo7Zr0.75Si (c), and

Ti15Mo7Zr1Si (d) in Ringer’s solution.

The logarithm curves of the impedance modulus and phase shift angle of the Ti15Mo7ZrxSi
samples dissolved in Ringer’s solution are displayed using Bode plots.

Figures 5 and 6 show the Bode impedance and Bode phase diagrams, respectively,
while Table 4 shows the results obtained from Ecorr and ±300 mV versus Ecorr.

Figure 5. Bode impedance diagrams for Ti15Mo7Zr (a), Ti15Mo7Zr0.5Si (b), Ti15Mo7Zr0.75Si (c), and

Ti15Mo7Zr1Si (d) in Ringer’s solution.
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Figure 6. Bode phase graphs for: Ti15Mo7Zr (a), Ti15Mo7Zr0.5Si (b), Ti15Mo7Zr0.75Si (c), and

Ti15Mo7Zr1Si (d) in Ringer’s solution.

Table 4. Results from the samples’ Bode diagrams under study at Ecorr and at ±300 mV.

Samples Potential (V)
Maximum

Impedance (Ω)
Maximum Phase

Angle (◦)

−0.494 59,795.00 76
Ti20Mo7Zr −0.194 92,456.59 80

−0.106 77,547.44 79

−0.494 99,123.73 70
Ti20Mo7Zr0.5Si −0.194 164,512.91 77

−0.106 194,874.17 77

−0.463 50,019.06 79
Ti20Mo7Zr0.75Si −0.163 72,085.70 82

−0.137 81,420.35 80

−0.608 54,039.71 68
Ti20Mo7Zr1Si −0.308 85,686.74 74

−0.008 103,741.00 72

Figure 5 and Table 4 indicate greater impedance values for the four samples at the
lowest frequency (0.1 Hz), with lower values for the Ti15Mo7Zr0.75Si sample and higher
results for the Ti15Mo7Zr0.5Si sample, showing that the latter alloy’s corrosion resistance
has improved. In addition, the impedance values tended to increase the more positive
the applied potentials were. In addition, a specific behavior of passive film growth was
observed for each sample, which has a tendency to exhibit a capacitive behavior.

Figure 6 and Table 4 show the curves and maximum values obtained for the phase
angles of the samples, which tend to increase the more positive the applied potentials are.
As a result, after examining the studied samples, it was found that the Bode phase curves
showed a single-phase process. Furthermore, with increasing potential value, the phase
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angle tends to increase and the process takes place in a single step, i.e., in a time constant,
when the curve starts to decline, although in the curves of the Ti15Mo7Zr, Ti15Mo7Zr0.5Si,
and Ti15Mo7Zr0.75Si samples there is the possibility of the onset of a second time constant.

The equivalent circuit model R(QR)(QR), which best fits the experimental findings of
the study for Ti15Mo7ZrxSi alloys, is shown in Figure 7. This circuit shows that, up until
the alloy is achieved, the surface of the samples exhibits a resistance to dissolving, together
with porous and compact passive films.

Figure 7. Equivalent circuit R(QR)(QR).

The resistance in ohms of the electrolyte was represented in the model and in Equation (1)
as Rsol, the resistances of the porous and compact passive films as R1 and R2, respectively,
and the capacitances of the passive film as CPE1 and CPE2, which are the constant phase
elements. The constant phase element reproduces a capacitor (n = 1.0), a semi-infinite
Warburg impedance (n = 0.5), or a resistor (n = 0.0) as a function of the values of the
parameters n1 and n2, as well as the applied frequency, f.

Z(f) = Rsol +
R1

R1CPE1(j2πf)n1 + 1
+

R2

R2CPE2(j2πf)n2 + 1
(2)

In Table 5, it is noted that the corrosion resistance (Rp = R1 + R2) increased with
the addition of silicon, reaching values up to 106

Ω cm2 for the Ti15Mo7Zr0.5Si and
Ti15Mo7Zr1Si samples, indicating that the materials present high corrosion resistance,
being higher for Ti15Mo7Zr0.5Si.

Table 5. Equivalent circuit R(QR)(QR) of samples Ti15Mo7Zr0.5Si and Ti15Mo7Zr1Si.

Sample Potential (V) Rsol (Ω·cm2) Y01 (S·sn/cm2) n1 R1 (Ω·cm2) Y02 (S·sn) n2 R2 (Ω·cm2) χ
2

Ti15Mo7Zr 0.106 22.47 2.04 × 10−5 1 1.19 2.07 × 10−5 0.90 1.99 × 105 6.55 × 10−4

Ti15Mo7Zr0.5Si 0.106 17.04 7.52 × 10−5 0.73 401.20 2.55 × 10−5 0.87 1.67 × 106 6.86 × 10−4

Ti15Mo7Zr0.75Si 0.137 39.91 4.55 × 10−4 0.65 620.30 1.35 × 10−5 0.93 2.42 × 105 9.63 × 10−4

TiMo15Zr71Si −0.008 26.08 1.48 × 10−4 0.75 100.80 2.27 × 10−5 0.81 1.52 × 106 4.44 × 10−4

3.3. Three-Point Bending Test

Table 6 shows the modulus of elasticity’s average values (E) of the four specimens tested
with their respective standard deviation, which were found by following Equation (3), consid-
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ering the applied load (F), the distance between supports at which the equipment’s lower
shank is placed for placing samples (L), the moment of inertia (I), and the deformation (δ):

E =
F·L3

48·δ·I
·10−3 (3)

Table 6. Young’s modulus of the studied alloys.

Sample E Average (GPa)

TiMo15Zr7 82.4 ± 9.2
TiMo15Zr7Si0.5 61.5 ± 8.4
TiMo15Zr7Si0.75 66.0 ± 8.0

TiMo15Zr7Si1 73.4 ± 8.2

Since the specimens have a rectangular cross-section, Equation (4) defines the moment
of inertia where w is the specimen’s width and h is its thickness.

I =
w·h3

12
(4)

After calculating the average values of each specimen’s elasticity modulus, it can be
observed that the lower E value was obtained for the TiMo15Zr7Si0.5 sample (82.4 ± 9.2 GPa),
while the upper E value was for TiMo15Zr7 (61.5 ± 8.4 GPa). This fact indicates that the
small addition of silicon could help the samples to decrease their Young’s modulus and to
approach the E of human bone (7–30 GPa).

Nevertheless, the results obtained are higher than those of the TiMoSi alloy (20–43 GPa)
and within ranges that are comparable to those discovered in earlier studies, such as those
of the TiMoZrTa alloy (52–69 GPa). The research alloy, TiMoZrSi, has a substantially lower
Young’s modulus when compared to more widely used alloys in industry, medicine, and
dentistry, such as stainless steel (190–210 GPa), cpTitanium (105 GPa), Ti6Al4V (110 GPa),
and CoCrMo (210–253 GPa) [35,36].

3.4. Microhardness Test

The microhardness values in HV 0.005, HV 0.025, and HV 0.05, as well as the standard
deviation and the minimum and maximum values for the 10 indentations made on each
sample, are shown in Figure 8 and Table 7.

Table 7. Microhardness values of applied loads of the four samples for 5, 25, and 50 gf.

Load (gf) Samples Average (HV) Min Max

5

TiMo15Zr7 374 ± 16 349 408
TiMo15Zr7Si0.5 357 ± 56 247 451
TiMo15Zr7Si0.75 389 ± 32 350 437

TiMo15Zr7Si1 396 ± 32 320 437

25

TiMo15Zr7 348 ± 21 317 392
TiMo15Zr7Si0.5 365 ± 24 334 403
TiMo15Zr7Si0.75 389 ± 13 366 409

TiMo15Zr7Si1 382 ± 50 268 433

50

TiMo15Zr7 339 ± 32 258 372
TiMo15Zr7Si0.5 362 ± 63 218 427
TiMo15Zr7Si0.75 395 ± 14 379 419

TiMo15Zr7Si1 382 ± 22 345 406
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Figure 8. Microhardness values for each indentation for the four samples under study under loadings

of 5 (a), 25 (b), and 50 (c) gf.

Figure 8 shows a comparison of the 10 indentations performed on the four specimens
for each load applied and their calculated averages. In general, the values obtained range
between 300 and 450 HV for the three applied loads, although some very high peaks can
be observed against other very low ones, which would indicate the existence of harder
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or softer areas on the surface of the samples and, therefore, a slight lack of homogeneity
during the manufacturing process of the samples due to the varying hardness ratings of
the alpha and beta phases and the orientation of the material’s crystals. Additionally, for
the three loads applied, the mean HV values of the studied samples were around 350 and
400 HV, approximately.

Table 7 shows more clearly the obtained averages, where for 5 gf applied, the TiMo15Zr7Si1
sample achieved a higher value (396 ± 32 HV), while for 25 and 50 gf, the sample that
presented higher microhardness values was TiMo15Zr7Si0.75 (389 ± 13 HV; 395 ± 14).
In turn, for the 5 gf load, the minimum and maximum values were 247 and 451 HV
(TiMo15Zr7Si0.5), respectively. For the 25 gf loading, the minimum value was 268 HV, and
a maximum of 433 HV was reached for the TiMo15Zr7Si1 sample. Finally, when applying
the 50 gf load, TiMo15Zr7Si0.5 obtained the minimum and maximum values of 218 and
427 HV, respectively. Therefore, by adding silicon to the samples, a slight increase of the
hardness values appears.

Moreover, the values found in this research were lower than those of conventional
alloys like CoCrMo (155–601 HV) and Ti6Al4V (541 HV) [35], but higher than those of
cpTi [37,38].

By measuring hardness at different loads, we can observe how the hardness of the
material changes with increasing plastic deformation. This information is especially im-
portant for understanding the alloy’s resistance to deformation, its ability to withstand
applied loads, and its response to forming or shaping processes. In some cases, variations
in hardness values with different loads may suggest the presence of localized variations in
the microstructure, such as variations in grain size, phases, or the presence of inclusions. By
examining the hardness through different loadings, the different phases of the material’s
microstructure can be identified.

4. Conclusions

Four new titanium alloys’ mechanical properties and corrosion behavior have been
compared and contrasted in this study. Microstructural, corrosion potential and corro-
sion rate curves, EIS, three-point bending, and microhardness results have produced the
following findings:

• After the samples were exposed to Kroll reagent, biphasic dendritic patterns were
seen on their surfaces. The dendrites became smaller when silicon was added because
silicon is a strong grain refiner in titanium alloys. It promotes the formation of fine
grains that hinder the propagation of cracks, enhancing the material’s resistance
to fatigue.

• Both samples’ potential values grew during the immersion duration without dimin-
ishing, indicating that the passive layer, which was produced on the surface of each
sample, is thermodynamically resilient under standard circumstances. Silicon oxide
forms a protective oxide layer on the alloy surface, reducing the rate of oxidation and
improving the alloys’ resistance to body fluid degradation.

• Since the polarization resistance was fairly large, the low corrosion currents and rates
showed the tested samples’ exceptional performance in the evaluated environment,
Ringer solution. R(QR)(QR) was the EC that most closely fit the measured EIS data,
and as additional positive potentials were applied, the phase angle and the impedance
results tended to rise. The sample 0.5%Si had the lowest corrosion rate because this
is the solubility limit of silicon in the particular titanium alloy, and when exceeding
this content, the presence of Si may create galvanic couples between the Si-containing
regions and the rest of the titanium alloy, leading to localized electrochemical reactions.

• By examining the hardness through different loadings, two different phases, one
hard and one soft, of the material’s microstructure were identified. Microhardness
and elastic modulus values for both instances were lower than those for several
conventional biomedical alloys.
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In general, all samples showed good chemical and biological qualities, with slightly
better results for the Ti15Mo7Zr0.5Si sample.
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Introduction

The continuing relevance of research in medicine, biology, chemistry and engineering has led biomaterials science to develop new
materials that can resolve many of today’s medical problems and improve the quality and longevity of human life [1]. However, as
life expectancy has increased in developed countries, the elderly population has increased, as has the obese population, the latter
due to the adoption of a more sedentary lifestyle, putting them at greater risk of suffering chronic musculoskeletal diseases such as
osteoarthritis, particularly in the hips and knees, and requiring a greater number of surgical implant repairs.
Metal biomaterials, such as CoCrMo alloys, 316L stainless steel, and titanium and its alloys, are often the most frequently em-

ployed for medical applications [2–4]. The very superior biocompatibility, great corrosion resistance, high mechanical perform-
ance, low modulus, and high thermal stability of titanium alloys make them stand out above the others [5].
Two novel Ti20Mo7ZrxSi (x= 0.75, 1) alloys were produced by vacuum arc remelting (VAR) furnace, and this study examined

their microstructure, corrosion behaviour, quantitative microanalysis, Young’s modulus and hardness. Metallography, scanning
electron microscopy, electrochemistry, three-point bending, and microhardness testing were some of the used techniques for this
study.

Experimental

The Ti20Mo7Zr0.75Si and Ti20Mo7Zr1Si samples obtained in a vacuum arc remelting furnace were prepared for the subse-
quent analysis (see Figure 1). Electrochemical testing, Vickers hardness measurements and SEM observations on the embedded
samples were performed (see Figure 2). A part of the samples have been cut and the Young’s modulus of each specimen was cal-
culated by a three-point bending test (see Figure 3).

Results and discussion

In the metallographic examination, in Figure 4, both samples have biphasic and dendritic structures and the size of dendrites are
reduced with the addition of Si, whereas the interdendritic zone grew.
EIS measurements were performed on each sample at different potentials to obtain impedance plots (see Figure 5) where the

corrosion resistance increases as the applied potential became more positive and the impedance and phase angle values increase.
Thus, the sample with the highest corrosion resistance was Ti20Mo7Zr1Si.
The impedance experimental data were fitted with an electrical equivalent circuit with one-time constant for Ti20Mo7Zr0.75Si

and with two-time constant for Ti20Mo7Zr1Si (see Figure 6).
The dispersive energy obtained from the EDS spectra of the samples studied revealed the existence of the alloy’s elements to-

gether with oxygen (see Figures 7c and Figures 7d), most likely as a result of the past corrosion processes and the creation of the
titanium oxide layer. On the other hand, it is evident from the quantitative results that there are two zones, one rich in titanium
and the other in Mo, Zr, and Si.
In the three-point bending method, in Table 1, the Young’s modulus achieved for both samples were similar to that normally

found in human bone, lower than that of commercial alloys and lower for the TiMoZrSi0.5 sample. In addition, the Vickers hard-
ness versus scan length plots for both samples showwidely scatteredmaxima andminima, as the surfaces of the samples have hard
and soft areas, and it is confirmed that hardness increases with higher silicon content (see Table 2).

Conclusions

This research investigated the effect of silicon concentration on microstructure, biocompatibility, modulus of elasticity, micro-
hardness and corrosion resistance of the TiMoZrSi alloy in a simulated body fluid, confirming the two-phase and dendritic struc-
ture for both samples inmetallographic tests. Two zones, one rich in titanium and the other inMo, Zr, and Si, may be found on the
surface of the alloys. Each sample’s surface was found to form a passive oxide layer (TiO2), which was verified. In electrochemical
tests, the potential of the TiMoZrSi0.75 sample tended to corrode and showed lower corrosion resistance. The modulus of elas-
ticity was less than that of many commercial alloys. Finally, the Vickers hardness values increased as the silicon content increased.
According to the results obtained, the addition of a higher percentage of silicon leads to slightly improved mechanical properties
but both alloys can be used for medical devices.
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Fig. 1. Fabrication and posterior preparation of the studied samples.

Fig. 2. Part of the experimental procedure for the samples.

Fig. 3. Preparation of the samples and three-point bending test.
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Fig. 4. Microstructure of Ti20Mo7Zr0.75Si (a) and Ti20Mo7Zr1Si (b) samples after chemical etching by optical microscopy.

Fig. 5. Impedance diagrams for: Ti20Mo7Zr0.75Si (a and b); for Ti20Mo7Zr1Si (c and d).
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Fig. 6. Equivalent electrical circuits used for the fitting of experimental data for: a) Ti20Mo7Zr0.75Si and b) Ti20Mo7Zr1Si.
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Fig. 7. EDS spectra for Ti20Mo7Zr0.75Si (a) and Ti20Mo7Zr1Si (b) samples and quantification (c, d).

Table 1. Young’s modulus values obtained from Ti20Mo7Zr0.75Si and Ti20Mo7Zr1Si specimens.

Sample Modulus of elasticity E (GPa)

Ti20Mo7Zr0.75Si 54.4 ± 6.5
Ti20Mo7Zr1Si 82.7 ± 21.5

Table 2. Microhardness values of applied loads of soft and hard phases of Ti20Mo7Zr0.75Si and Ti20Mo7Zr1Si samples.

Load (gf)

Ti20Mo7Zr0.75 Ti20Mo7Zr1Si

Microhardness (HV) Microhardness (HV)

Soft phase Hard phase Soft phase Hard phase

5 214 365 115 243
25 239 383 137 366
50 319 399 158 356
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Abstract 
The mechanical characteristics and electrochemical behavior of the new titanium alloys 

TiMoZr, TiMoZrSi0.5, TiMoZrSi0.75 and TiMoZrSi1 were studied to determine their 

microstructure, corrosion behavior and mechanical properties. Following the use of the 

appropriate procedures, metallographic analysis showed that both samples had biphasic and 

dendritic structures. According to electrochemical tests in body simulation fluid, the samples' 

corrosion resistance increases with decreasing silicon content since silicon-containing samples 

corrode more quickly. Electrochemical Impedance Spectroscopy measurements were 

performed at various potentials, and the acquired spectra show a two-time constant system, due 

to the presence of a double-layer passive film on the samples. The three-point bending test for 

both samples demonstrated that the values of modulus of elasticity are lower than those 

commercial alloys and nearly to the cortical human bone, and the microhardness test showed 

that the samples' surfaces had soft and hard phases. 

 

Introduction 
Nowadays, due to the increasing use of biomaterials in various fields of medicine, they must 

have a number of characteristics: high biocompatibility, ductility, fatigue and wear resistance, 

osseointegration, absence of cytotoxicity and a combination of high strength and low Young's 

modulus equivalent to human cortical bone ranging between 10 and 30 Gpa [1 3].  

About 70-80% of implants are made of metallic biomaterials [4], with Ti and its alloys being 

the most widely used, as they can modify their properties by changing the composition of the 

alloying elements, their biocompatibility with biological materials, high corrosion resistance, 

high mechanical performance, low modulus and high thermal stability [3,5 7]. The Ti6Al4V 

alloy is the most commonly used alloy for orthopaedic applications, although vanadium is a 

carcinogenic and toxic material and aluminium, in large concentrations, can cause dementia or 

Alzheimer's [8]. 

Consequently, it was decided to determine the effects of four different silicon concentrations 

on the microstructure, corrosion behaviour, quantitative microanalysis, modulus of elasticity 

and hardness of the new TiMoZrSix alloy by means of metallographic, electrochemical, 

scanning electron microscopy, three-point bending and microhardness tests. 

 

Experimental 
The study of four new alloys with Ti, Mo, Zr, varying the composition of Si, TiMoZr, 

TiMoZrSi0.5, TiMoZrSi0.75, and TiMoZrSi1, has been carried out with the aim of applying 

different tests to find out their properties. The production of these alloys was carried out using 

a Voltaic Arc Remelting (VAR) furnace in which a consumable electrode was melted in a 
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Abstract: The design principle of high-entropy alloys is to mix many chemical elements in equal

or nearly equal proportions to create new alloys with unique and special properties such as high

strength, ductility and corrosion resistance. Some properties of high-entropy alloys can be adjusted

via introducing new doping elements, which are selected according to working conditions. The

high-entropy alloy CoCrFeMoNi was examined to determine the impact of Ti doping on its micro-

structure, microhardness and elastic modulus. Microstructure analysis revealed a core structure

consisting of both face-centered cubic (FCC) and body-centered cubic (BCC) phases, along with the

formation of a Laves phase. The addition of Ti made the alloy grains finer and reduced the Mo

concentration difference between the interdendritic and dendritic regions. As a result of Ti doping,

the microhardness of the alloy increased from 369 HV 0.2 to 451 HV 0.2. Ti doping produced a

doubling of the breaking strength value, although no significant changes were observed in the elastic

modulus of the CoCrFeMoNi alloy.

Keywords: high entropy alloys; Ti-doping; microstructure; microhardness; three-point bending

1. Introduction

Metallic alloys that contain at least five distinct elements in approximately equal
proportions are known as high-entropy alloys (HEAs). HEAs contain numerous principal
elements in high concentrations, unlike traditional alloys, which usually contain one or two
main elements with minor amounts of other elements added to enhance certain properties.
The high-entropy concept was introduced in 2004 by two different groups [1,2] and since
then, a variety of HEAs have been developed and studied, including alloys containing ele-
ments such as nickel [3,4], aluminum [5,6], titanium [7,8] and molybdenum [9]. One of the
defining characteristics of HEAs is their high configurational entropy, which is a measure
of the degree of disorder in the arrangement of atoms within a material. Some potential
applications of HEAs include high-temperature materials for use in jet engines or nuclear
reactors [9,10], lightweight alloys for use in the aerospace or automotive industries [11,12]
and corrosion-resistant coatings for use in harsh environments [13–15]. Recently, high-
entropy alloys have been created for potential use in extremely effective electrochemical
devices that efficiently and sustainably transform fuel energy into electricity [16]. While
HEAs are a relatively new class of materials, research in this area is rapidly expanding, and
there is significant interest in exploring their potential properties and applications.

The field of high-entropy alloys has found that CoCrFeMoNi possesses exceptional
mechanical properties, including impressive strength and flexibility even when exposed to
extremely low temperatures [17,18]. These properties, particularly its high-temperature
strength and ductility, make CoCrFeMoNi a promising material for use in high-temperature
structures such as gas turbines and nuclear reactors [19]. Additionally, adding Nb and
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Abstract: The promising results obtained in the research of high-entropy alloys are increasingly

encouraging new configurations of these alloys. Our research was conducted on the high-entropy

CoCrFeMoNi alloy and the Ti-doped CoCrFeMoNi alloy. Electrochemical impedance spectroscopy

(EIS) measurements were performed on samples with and without Ti-doped CoCrFeMoNi high-

entropy alloys in order to evaluate the influence of voltage on their behavior in a simulated aggressive

environment. The impedance spectra were measured between −1.0 and +0.8 V vs. SCE at various

potential levels. Using an electrical equivalent circuit to match the experimental data, the impedance

spectra were analyzed. The corresponding circuit that successfully fits the spectra has two time

constants: the first one is for the attributes of the compact passive layer and the second one is for the

features of the porous passive layer. The results show that doping CoCrFeMoNi alloy with 0.36 at.%

Ti reduces the alloy’s ability to resist corrosion, as the alloy can react more quickly to the surrounding

environment and cause a decrease in the corrosion resistance of the alloy.

Keywords: high-entropy alloys; Ti doping; EIS; equivalent circuit; corrosion resistance

1. Introduction

High-entropy alloys (HEAs) are a new class of materials that have received a lot
of attention recently due to their special qualities and promising applications in many
areas [1–3]. HEAs are made up of multiple metallic elements, typically five or more, mixed
together in roughly equal proportions. This results in a random atomic arrangement, which
gives rise to exceptional properties, such as high strength, high ductility, excellent corrosion
resistance, and high-temperature stability.

HEAs have gained widespread interest in the scientific community due to their po-
tential to revolutionize the design of structural materials, particularly in aerospace [4],
energy [5–8], and biomedical industries [9–12]. Researchers are exploring various aspects
of HEAs, including synthesis, characterization, and mechanical behavior, to better under-
stand their fundamental properties and optimize their performance.

In this field of high-entropy alloys, CoCrFeMoNi has been reported to have remarkable
mechanical qualities, such as high strength and superior ductility, even at cryogenic temper-
atures [13]. In particular, the high-temperature strength and ductility of CoCrFeMoNi HEA
make it a promising candidate for high-temperature structural applications [14], such as
in gas turbines and nuclear reactors, and with Nb and different concentrations of Mo, has
improved corrosion resistance of the load-bearing parts of marine equipment [15]. An ion
sulfurizing technique was applied to CoCrFeMoNi HEA, and the tribological properties
were improved greatly due to the fabrication of lubricant phases during sulfurization [13].

Doping refers to the intentional addition of small amounts of one element to another
material in order to modify its properties [16]. When metals are used as dopants, they can
have various effects on the material’s properties, depending on the specific metal and the
material being doped.

Metals 2023, 13, 883. https://doi.org/10.3390/met13050883 https://www.mdpi.com/journal/metals
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Introduction

The dental materials are a reliable choice for oral rehabilitation because different properties as biocompatibility, non-toxicity,
safety, stability, and mechanical qualities are necessary. The most crucial of these qualities is biocompatibility since these materi-
als come into touch with oral tissues and can result in hypersensitivity responses or unfavourable tissue reaction [1].
High creep, corrosion, wear, temperature resistance, hardness, and non-magnetic qualities are the norm for cobalt-based alloys

in order to perform their functions without having a detrimental impact on the patient [2,3]. Moreover, when present in these
alloys at concentrations between 16 and 20% by weight, chromium enhances hardness, stability, resilience, and boosts corrosion
resistance by causing the production of a thin passive protective film under oxidising conditions [4].
The current study used metallography, electrochemical testing, and three-point bending tests to analyze and compare the cor-

rosion effects and mechanical characteristics of three samples of Co-Cr alloys, called “P1”, “P2” and “P3” (see the composition
wt% in Table 1).

Experimental

To analyze the samples’ surface by XRD, the ingots were cut, and three small samples of each alloy were obtained as shown in
Figure 1 and an Empyrean diffractometer Malvern-Panalytical was used.
To prepare the surfaces for the rest of the tests, the ingots were first cut, filledwith epoxy resin and finally polished (see Figure 2).

Optical and SEMmicroscopy together with electrochemical tests were performed (see Figure 3). The Olympus BX-51microscope
was used for structural characterisation after the chemical etching of the samples with Kroll reagent, together with the scanning
electron microscope Hitachi TM3030. The BioLogic Essential SP-150 potentiostat and Ringer’s Grifols solution, were used for
electrochemical experiments in both continuous and alternate current [6].

Results and discussion

To correctly analyse themicrostructure of these samples, it is first necessary to know that the finer the grain size of the samples, the
higher the critical current density they will have, since the grain boundaries store internal energy that favours corrosion. Images of
the three samples’ surfaces after etching are illustrated in Figure 4, showing biphasic and dendritic structures, which are similar for
samples P1 and P3 and slightly different for P2, possibly due to the addition of tungsten and niobium and the reduction of mo-
lybdenum´s concentration.
SEM observations and EDS results are presented in Figure 5. It could be demonstrated that samples P1 and P3 presented the

elements Co, Cr,Mo and Si mainly, while P2 in its main composition showedCo, Cr,W,Nb and Si. The spectra of P1 and P3were
similar, although in the case of P3 there was a reduction in the height of the Mo and Si peaks.
Figure 6 shows the XRD spectra of the alloys examined. The analysis identified the presence of a ϵ phase with a hexagonal close-

packed structure (HCP) and a γ phase with a body-centered cubic structure (FCC), which were the main phases of the samples, as
well as small phases of various metallic carbides. In the case of sample P1, it showed dominant amounts of HCP ϵ-phase, while for
P2 and P3 the prevalence of FCC γ-phase is evident.
For the electrochemical tests, after 24 hours, the corrosion potential (Ecorr) against time graphs for the corrosion test were

analysed. Samples P1 and P2 tended to form a passive film, with a higher value of corrosion potential for sample P2, while P3
showed a slight tendency towards corrosion (see Figure 7).
The Bode andNyquist diagrams were used to plot the curves of the logarithm of the impedance modulus and the phase angle as

a function of the logarithm of the frequency for the Co-Cr samples (see Figure 8). The phase angles were higher for sample P1 and
lower for sample P3, and the impedance values obtained by the three samples were comparable. The processes of the samples
under study were seen to proceed in two phases. Therefore, the P2 alloy demonstrated a greater corrosion resistance.

Conclusions

After analysing the results obtained, it was possible to confirm the two-phase structure of the samples and their tendency to pas-
sivation and good behaviour in contact with physiological fluids, with the sample P2 being slightly superior. Furthermore, it could
be observed that the samples were mainly composed of the items listed in their respective data sheets and identified the presence of
a ϵ phase with HCP structure, a γ phase with an FCC structure in addition to small phases of various metallic carbides. Therefore,

Microscopy and Microanalysis, 29 (Suppl 1), 2023, 156–160
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Introduction

High entropy alloys are an extremely diverse and interesting class of materials as they are promising materials for a wide range of
industrial applications because they are very hard, heat resistant and show great variability in their magnetic behavior [1,2]. High
entropy alloys orHEAs consist of five ormore different metallic elements; since their macroscopic properties are highly dependent
on interatomic interactions, it is of great interest to probe the local structure and structural disorder around each individual elem-
ent [3,4]. In recent years, the well-known Cantor alloy (CoCrFeMnNi) has attracted considerable attention due to its excellent
toughness and fracture strength but its corrosion resistance is very low because Mn interferes with the passivation process and
therefore, in our study we have considered an HEA in whichMn has been replaced withMo (CoCrFeMoNi). To further improve
the properties, the alloy obtained has been microalloyed with titanium.

Experimental

The ingots of each alloy are prepared at LAMET laboratory, Romania, by Vacuum Arc Melting (VAR) in a protective argon at-
mosphere by using the MRF ABJ 900 VAR equipment and eight remelting operations are carried out for complete homogeniza-
tion. The raw materials used to form these alloys are 99.00% pure and the obtained alloys have the composition wt % and at %
shown in Table 1. One of the samples, CoCrFeMoNi (named HEA) and that with Ti doping was named (HEATi).
The samples with andwithout Ti are compared: their microstructure is analyzed by optical microscopy (Olympus BX5, Japan) ,

SEMand EDS (HITACHI TM3030); themodulus of elasticity of the alloys was studied by a three-point bending test (Electroforce
3100 BOSE Corporation, USA) and their electrochemical responses, by linear polarization (LP) and electrochemical impedance
spectroscopy (EIS) using a SP-150 potentiostat (BioLogic, France). The hardness was measured with Shimadzu HMV2T micro-
hardness apparatus (Tokyo, Japan). The samples preparation and analysis is shown in Figure 1.

Results and discussion

a) Microstructure

The optical examination after electrochemical etching is shown a dendritic structure for both samples (See Figure 2). The micro-
structures were also analyzed by scanning electron microscopy and the compositions were determined by EDS.

b) Elastic modulus and hardness

The elastic modulus was determined and the hardness of both samples was calculated and the results are shown in Table 2. It
can be observed that the elastic modulus is similar, but the hardness of Ti-doped sample is improved.

c) Electrochemical behavior

Figure 5 illustrates the potentiodynamic polarization curves of HEA and HEATi in 3.5 wt.% NaCl solution at 25C. The results
show that both samples exhibit active dissolution starting at aprox. 0V and almost could not passivate in sodium chloride solution.
The graphs obtained from the EIS tests are presented in Figure 6 for HEA and in Figure 7 for HEATi.
As can be observed in the Nyquist plots presented in Figure 6, and Figure 7, the radius of the semicircle for HEATi is smaller

than for HEA, which indicates a low polarization resistance (a low corrosion resistance) for HEATi.

Conclusions

The effects of titanium do ping on the microstructure, elastic modulus, hardness and corrosion properties of CoCrFeNiMo high
entropy alloy has been investigated. Simulated corrosive solution of 3.5wt.%NaCl was used to characterize the corrosion behav-
ior of these materials by electrochemical techniques.

• Both alloys exhibited a compact microstructure, with no cracks, porosity or other defects.
• The alloy without titanium is more resistant to corrosion, with a very low corrosion rate.
• The resistance of the passive film decreases with the addition of Ti due to the increasing of the number of defects points in the

film. Without Ti the passive layer that forms on the surface of the alloy is more compact and protective [5].

Microscopy and Microanalysis, 29 (Suppl 1), 2023, 439–444
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In recent years there has been a great interest in high entropy alloys (HEAs) since they have good mechanical properties, high
corrosion resistance and good thermal conductivity among others, which makes them interesting for various fields of research.
For this reason, it is important to know their behavior in different conditions that allows us to define the possible applications
of these HEA’s [1–3]. The literature has been confirming the effect of doping with different elements in the improvement of
the mechanical properties and corrosion resistance of HEA’s [4]. One of the aspects to be considered in the mechanical properties
of a HEA is the strength and fracture toughness of the alloy. These mechanical characteristics are related to the value of the modu-
lus of elasticity (E) of the alloy, which provides information on the cohesion of the material as it is related to the binding energy of
the atoms. To calculate the modulus of elasticity of the prepared alloys, a three-point bending test is performed on fibers of the
material.
A non-equiatomic high entropy alloy is made with the elements: Co, Cr, Fe, Mo and Ni of chemical composition in percent by

weight, wt%, of 20.67, 19.99, 19.88, 20.20 and 19.27 respectively, which we call Sample 1. From this alloy a second one, Sample
2, is obtained by doping with 0.71%wt. Zr. Two ingots are manufactured with high purity elements, 99.00%, in an arc melting
furnace model MRF ABJ 900 VAR in a protective argon atmosphere. Six remelting operations are carried out on each ingot to
achieve a good homogenization. To obtain an average value of the modulus of elasticity, 10 fibers obtained with a Buehler
IsoMet® 4000 precision linear saw machine using 0.5 mm thick tungsten disks are made from the specimens. The fibers have
a rectangular section with an average thickness of 0.45 mm and variable length. A three-point bending test is performed in an
Electroforce 3100 universal testing machine providing a maximum force (F) of 22N. The fibers are placed in the bending test fix-
ture, see Fig. 1a, and a vertical force is applied at its midpoint until the strand breaks, as in Fig. 1b, or the maximum force is
reached. Finally, an analysis of the breakage zones is performed by electron fractography using a Sigma 300 VP field emission
scanning electron microscope (FESEM). The observation is performed with the secondary electron detector (SE) at 15 kV at dif-
ferent magnifications.
With the data obtained in the three-point bending test, the force (F) displacement (w) graphs are generated (see Fig. 2). From the

straight line obtained in the elastic zone, we take its slope and calculate the modulus of elasticity as dF/dw = 48EI/L3, where E is
the modulus of elasticity, I is the moment of inertia of the rectangular section and L is the length between supports.

Fig. 1. a) Three-point bending test of one of the specimens and b) detail of the fracture of one of the specimens.

Microscopy and Microanalysis, 29 (Suppl 1), 2023, 1527–1528
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Introduction

In the dynamic field of biomedical engineering and medicine, biomaterials play a crucial role in merging materials science with
human health. These specializedmaterials are used tomanufacture awide range of medical devices, from prostheses to orthopedic
implants, which significantly improve patients’ quality of life. The choice of biomaterials not only impacts the efficacy of treat-
ments, but also has crucial implications for safety and biocompatibility.
Although different types of biomaterials exist today, metallic implants, especially titanium (Ti) and its alloys, have emerged as a

mainstay in the world of orthopedic implants, prostheses and dental devices, thanks to their exceptional biocompatibility, strength
and low density [1,2]. However, some alloys, such as Ti6Al4V, release ions of aluminum,which can cause neurodegenerative diseases
such as Parkinson’s andAlzheimer’s, and vanadium,which is a toxic and carcinogenic element, when in contact with the human body
[3]. This has led to research into new titanium alloys containing elements such as molybdenum, zirconium, tantalum or silicon.
This new Ti-xMo-Zr-Ta-Si alloy is emerging as an exciting candidate for biomedical applications, incorporating molybdenum

for mechanical strength, zirconium for corrosion resistance, tantalum for long-term stability and silicon for improved integration
with bone tissue [4,5].
The key objectives of this research are to characterize and compare the chemical and mechanical properties and the degree of

biocompatibility of the new titanium alloys TixMo7Zr15Ta1Si (x = 15 and 20) for possible applications in biomedical devices
and thus contribute to improve the quality of life of patients and reduce the need for additional surgeries. For this purpose, metal-
lography, electrochemical and microhardness tests were carried out.

Experimental

The fabrication of these alloys, which are called Sample 1 (62.00%Ti 15.00%Mo, 7.00%Zr, 15.00%Ta, 1.00%Si) and Sample
2 (57.00% Ti 20.00%Mo, 7.00% Zr, 15.00 % Ta, 1.00% Si), was carried out at the Technical University of Gheorghe Asachi,
Romania, utilizing a vacuum arc remelting (VAR) furnace modelMRFABJ 900 VAR and from this process a series of ingots were
generated. The sample preparation process was started by cutting the samples using the Buehler IsoMet 4000 cutting machine
(Buehler, USA) and casting them in epoxy resin. Subsequently, the specimens were roughed and polished in two stages to obtain
a mirror finish using the polishing machine called StruersTegraPol-11 (Struers ApS, Denmark). Finally, the samples were cleaned
using "Ultrasons-HD" from J.P. Selecta (JPS, Spain), as shown in Fig 1.
For the characterization and comparison of these samples, in the metallography test, images of their surfaces are taken with the

optical microscope Axio Vert.A1 MAT by ZEISS (Zeiss, Jena, Germany), in the electrochemical tests, the corrosion potential and
corrosion rate are found and electrochemical impedance spectroscopy is performed with the use of the SP-150 potentiostat
(BioLogic, France). The Future Tech FM-810 hardness tester (Kawasaki, Japan) is used for Vickers microhardness testing [6].

Results and discussion

When examined metallographically, Figure 2 shows that both alloys have dendritic and biphasic structures when they are at-
tacked by Kroll’s reagent.
Table 1 shows the initial corrosion potential, or Open Circuit Potential (OCP), after two hours and one day immersed in

Ringer’s solution. During the 24 hours of testing, these curves tended to rise gradually until evidence of potential stabilization
was detected, indicating that the passive film is thermodynamically stable under Ringer’s solution conditions [7, 8].

Table 1. Variations of the corrosion potential values of Sample 1 and Sample 2 during 24 hours of testing.

Alloy

OCP, (V) vs SCE

Initial After 2 h After 24 h

Sample 1 -0.16 0.03 0.03
Sample 2 -0.46 -0.44 -0.26

Microscopy and Microanalysis, 30 (Suppl 1), 2024, 936–939
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