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Abstract: This study aims to manufacture and characterize titanium and nickel alloys with different
molybdenum (Ti–Ni–Mo) contents, focusing on the influence of these additions on the microstructure,
mechanical properties, and corrosion resistance. The relevance of this work stems from the lack
of research on this specific alloy and the absence of reports in the literature with molybdenum
percentages above 2 at.%. Ti50Ni50−XMox alloys were produced by the plasma arc melting method,
with six different compositions (x = 0, 0.5, 1, 2, 3, and 4 at.% Mo), and a comprehensive analysis
of microstructure, chemical composition, thermal, mechanical, and electrochemical properties was
carried out. The results demonstrated significant alterations in the microstructure of the Ni–Ti
alloy with the addition of molybdenum presenting several phases, precipitates (TiNi, Ti2Ni), and
oxides (Ti4Ni2O, TiO, and TiO3). The stability of the B2 phase increased with molybdenum content,
and the monoclinic martensite (B19′) phase was identified only in the Ni–Ti sample. Introducing
molybdenum into the Ni–Ti alloy generated the R-phase and shifted the phase transformation peaks
to lower temperatures, as differential scanning calorimetry (DSC) indicated. Microhardness and
elastic modulus decreased with increasing Mo content, ranging from 494 HV to 272 HV and 74
GPa to 63 GPa, respectively. Corrosion tests revealed increased corrosion resistance with increasing
Mo content, reaching a polarization resistance of 2710 kΩ·cm2 and corrosion current of 11.3 µA.
Therefore, this study points to Ti–Ni–Mo alloys as potential candidates to increase the range of Ni–Ti
alloy applications, mainly in biomaterials, reinforcing its relevance and need in current alloy research.

Keywords: Ti–Ni–Mo alloys; shape memory alloys; microstructure; microhardness; corrosion

1. Introduction

There is a class of metallic alloys known as shape memory alloys that are classified as
such because they present surprising thermomechanical phenomena such as superelasticity
or shape memory effects [1]. These phenomena occur thanks to reversible (thermoelas-
tic) transformations between different crystalline phases, austenite and martensite [2,3].
Austenite has a matrix phase and is stable at higher temperatures, with high symmetry, of-
ten of cubic crystalline structure (B2). Martensite is the stable phase at lower temperatures,
with less symmetry, often with a monoclinic (B19’), orthorhombic (B19), or rhombohedral
(R-phase) structure [1,4].
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Within the class of shape memory alloys, the most famous and commercially successful
is the Ni–Ti-based alloy family. These alloys exhibit a remarkable shape recovery property,
activated upon exposure to heat, stress, or magnetic fields. This characteristic, combined
with their adaptability to different load conditions, qualifies these alloys as excellent
candidates for applications in actuators and sensors [5], vibration control systems, and
for improving the seismic performance of structures [6]. The superelasticity of Ni–Ti
alloys additionally enhances their use in various fields of engineering, such as automotive,
biomedical [7,8], aerospace, and robotics, as well as in specific industrial applications,
including Belleville springs [9], couplings, and cellular antennas [10].

A two-stage transformation sequence (B2→R→B19′) can be induced in these alloys
to obtain desirable responses in specific applications [1]. For example, the hysteresis
involved in transforming the Austenite to Martensite phase (B2→B19′) is large, around
50 K. In contrast, the transformation from the austenite to martensite phase (B2→R) is
minimal, making this process desirable for applications such as biomaterials, as they are
stable. Furthermore, the small transformation hysteresis means a quick response to an
environmental change, an essential aspect of medical applications [11]. However, for
the B2→R transformation to be induced, it is necessary for the equiatomic Ni–Ti alloy to
undergo some processes as follows: aging of nickel-rich alloys [12–14], thermo-mechanical
treatment [15,16], and the addition of a third element such as Fe, Al, Co, or Mo [17–20].

Regarding the addition of a third element, Xi et al. [21] studied the effect of adding
Fe on the microstructure, transformation temperatures, and superelasticity of Ni–Ti al-
loys manufactured by laser melting in a powder bed and found that the addition of Fe
distorts the Ni–Ti matrix network, leading to a decrease in martensite transformation
temperatures and the appearance of the R-phase. They also observed that the sensitivity of
the phase transformation temperature is 10 K for each 0.1 wt.% of Fe added to the alloy.
Mohammed et al. [22] evaluated the effect of adding the element cobalt on the characteris-
tics of the equiatomic Ni–Ti alloy with shape memory. They concluded that the thermal
hysteresis and the austenitic transformation temperatures decreased with the addition of
cobalt while the martensitic transformation temperatures increased. Kim [23] manufac-
tured Ti50Ni49.7Mo0.3 fibers and verified that the martensitic transformation occurred in
two stages B2→R→B19’ with the austenite transformation final temperature (34 ◦C) low
enough to present superelasticity at human body temperature.

Ti–Ni–Mo alloys that exhibit shape memory are biomedical materials of great po-
tential thanks to their superior corrosion resistance. Nam et al. [24] highlighted that the
corrosion resistance of these alloys surpasses that of pure Ti, commonly applied as an
implant material. Posteriorly, Liu et al. [25] manufactured Ti–Ni–Mo alloys by melting
arc furnace, varying the molybdenum content to 2.0 at.%. The research showed a notable
reduction in the martensite transformation temperatures with the increase in the amount of
molybdenum, while the R-phase transformation temperatures showed minimal variation.
Analysis of mechanical properties revealed that alloys with higher molybdenum content
are promising for applications as coupling devices. Additionally, Kim [26] investigated
powders of a Ti–Ni–Mo alloy manufactured by the inert gas atomization process. The re-
sults indicated that the alloy with 0.1 at.% molybdenum underwent a phase transformation,
in which the martensite phase was observed in two stages: during cooling and heating.
Next, Kim et al. [27] prepared Ti–Ni–Mo fibers by a melt overflow process, adjusting the
molybdenum content (0.3 at.% to 0.5 at.%) to replace the content of nickel in the alloy.
The research showed a phase transformation in two stages B2-R-B19’, and a reduction
in the final austenite transformation temperature from 43 ◦C to −42 ◦C. More recently,
Choe et al. [3] analyzed the impact of adding Mo (0.1 at.% to 0.5 at.%) on the surface charac-
teristics of the Ni–Ti alloy used in dental devices. The authors concluded that the increase
in Mo resulted in the emergence of the R−phase and a decrease in the temperature of the
formation of the R-phase. Another significant finding was the reduction in the corrosion
current density with the addition of Mo, suggesting the feasibility of applying the alloy in
files for dental treatment, given its excellent resistance to corrosion and fatigue.
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Given the above, there need to be more extensive studies on Ti–Ni–Mo alloys, and
the lack of reports in the scientific literature on Ti–Ni–Mo alloys with percentages more
significant than 2 at.% of Mo establish an evident lack of knowledge. Plasma arc melting is
a method of manufacturing this alloy that allows for obtaining homogeneous alloys [28]
with a low risk of contamination, and these factors are crucial to guarantee the accuracy
and effectiveness of shape recovery. In addition, research relating corrosion resistance to
the possible applications of these alloys is still scarce, reinforcing the need for additional
studies in this field.

This study intends to fill in the existing gaps in the characterization of Ti–Ni–Mo alloys.
Through the plasma arc melting process, the alloys will be manufactured, and nickel will
be replaced by Mo, generating six different compositions, designated by Ti50Ni50−XMox,
where ‘x’ represents the proportions of Mo: 0, 0.5, 1, 2, 3, and 4 at.%. The methodological
approach of this study focuses on the analysis of the influence of increasing Mo content on the
microstructure, phase transformation temperatures, microhardness, and corrosion resistance.

2. Materials and Methods
2.1. Sample Fabrication

To obtain the compositions of the Ti–Ni–Mo alloys, the following metals were used:
biomedical titanium (grade 2), electrolytic nickel (>99.98%), and Ti–Mo orthodontic wires
purchased from Dental supplier Morelli® (Sorocaba-SP, Brazil). The masses were measured
on an analytical balance to obtain ingots weighing approximately 30 g. Before starting the
melting process, subjecting the different elements to chemical pickling is essential. In this
work, the solution followed the ASTM B600-11R17 standard [29], consisting of 3 mL of
hydrofluoric acid, 30 mL of nitric acid, and 67 mL of water.

For the manufacture of Ti–Ni–Mo bulk alloys, the plasma skull push-pull (PSPP)
melting method was used, using a plasma arc melting machine (model Discovery All
Metals from EDG Equipamentos, São Carlos, SP, Brazil) in which the raw metals are melted
and remelted 3 times in a copper crucible under argon gas atmosphere, at a pressure
of 1.5 kgf/cm2. Then, the remelted material is injected into a copper cylindrical mold,
resulting in an ingot with dimensions of 30 mm in length and 10 mm in diameter. This
technique was implemented by Araújo et al. [30] for the production of Ni–Ti alloys and
Cu-based alloys. After obtaining the ingots, the samples were cut into discs 2 mm in
thickness through electroerosion machining (EDM) in low-current discharges.

Table 1 summarizes the nominal chemical compositions of this study’s Ti–Ni–Mo
alloys. These compositions were chosen based on the literature review described in the
introduction section. Since the literature presents alloys with up to 2 at.% of Mo, we decided
to expand the analysis up to 4 at.% of Mo.

Table 1. Nominal atomic chemical composition of the alloys produced in this work.

Ni–Ti Ti–Ni–Mo0.5 Ti–Ni–Mo1 Ti–Ni–Mo2 Ti–Ni–Mo3 Ti–Ni–Mo4

Ti50–Ni50
Ti50–Ni49.5–

(0.5 at.% Mo)
Ti50–Ni49–

(1 at.% Mo)
Ti50–Ni48–

(2 at.% Mo)
Ti50–Ni47–

(3 at.% Mo)
Ti50–Ni46–

(4 at.% Mo)

2.2. Sample Preparation

After the cutting step, the disks obtained were sanded on a manual sander with silicon
carbide (SiC) sandpaper, with grains: 220, 400, 600, 800, and 1200. Then, another polishing
procedure was conducted with a manual polisher but using alumina 1 µm, 0.3 µm, and
0.05 µm. After manual polishing, the samples were submitted to an electrolytic polishing
process, carried out in an electronic polisher ELECTROMET 4 from BUEHLER using a
solution containing 910 mL of distilled water, 60 mL of 70% nitric acid, and 30 mL of 60%
hydrofluoric acid. This solution follows the ASTM E 407–99 standard [31].
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2.3. Alloy Characterization and Chemical Composition

Initially, the alloys were characterized in terms of morphology through scanning
electron microscopy tests using a Tescan microscope, model Vega3 XM (Brno—Kohoutovice,
Czech Republic). Next, chemical composition measurements were performed using an
Oxford digital energy dispersive spectrometer (EDS). The samples were also characterized
in terms of their microstructure through X-ray diffraction (XRD) tests using a Shimadzu
diffractometer, model 6100 Shimadzu 6100, with Cu–Kα (λ = 1.5418 Ǻ) radiation, with
conditions of 30 kV and 30 mA. XRD patterns were obtained in continuous mode in the
2θ region from 20 to 80◦, with a step of 0.02◦, speed of 2◦/min, and angle of incidence of
7◦. The COD (Crystallography Open Database) cataloging sheets of patterns were used to
identify the phases. The thermal characterization was conducted from DSC tests using a
calorimeter model Q20 from the manufacturer TA Instruments. The parameters used were:
heating and cooling rate of 10 ◦C/min and temperature range from 100 ◦C to −60 ◦C. The
phase transformation temperatures were determined by the tangent method, according
to the ASTM F2004-05 [32], using the Universal Analysis 2000 software (TA Instruments).
The microhardness test was carried out in a Dynamic Ultra Microhardness tester (DUH–
211/DUH–211S, SHIMADZU) under room temperature around 25 ◦C, with a Berkovitch
indenter (Young Modulus: 1141 GPa, Poisson coefficient: 0.07). This equipment makes it
possible to obtain the modulus of elasticity and microhardness.

2.4. Corrosion Analysis

The electrochemical measurements of corrosion were performed in a cell composed of
three electrodes: a saturated calomel electrode (SCE) that was used as a reference electrode,
a platinum electrode as an auxiliary, and the disks of the Ni–Ti and Ti50Ni50−xMox samples
as a working electrode with 0.2728 cm2 of exposed area.

A phosphate-buffered saline (PBS) solution, pH 7.4, which simulates human blood,
was used as an electrolyte. Its elaboration followed the ASTM F2129-08 standard [33], and
the concentrations of the reagents are shown in Table 2.

Table 2. Composition of the electrolyte solution used in the corrosion tests.

Reagents NaCl KCl Na2HPO4 KH2PO4

Concentration (g/L) 8.0 0.2 1.15 0.2

The potentiodynamic polarization technique was used to determine the electrochem-
ical parameters of corrosion: corrosion potential (ECorr) and corrosion current density
(ICorr). The polarization curves were obtained with a sweep rate of 1 mV/s through an
Autolab PGSTAT302N potentiostat/galvanostat connected to a computer using the NOVA
2.1 software.

The calculation of the corrosion current was based on the Stern–Geary equation, which
was also used in the work by [34] and is presented in Equation (1).

ICorr =
ba·bc

2.3(ba + bc)Rp
(1)

where ba and bc represent the slopes of the anodic and cathodic Tafel lines, respectively, and
ICorr represents the corrosion current.

Electrochemical impedance spectroscopy (EIS) tests were performed with the equip-
ment used for potentiodynamic polarization, with a frequency range of 100 kHz to 0.01 Hz
and an amplitude of 0.01 V. EIS tests were measured at the open circuit potential (EOCP),
obtained with 60 min of stabilization. The Nyquist diagrams were adjusted through an
equivalent electrical circuit by NOVA 2.1.4.
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3. Results and Discussion
3.1. X-ray Diffraction

The spectra obtained in the XRD analysis for the different compositions studied in the
state as cast are shown in Figure 1. All peaks were identified by the HighScore Plus software
(Version 5.1), adopting data from the COD base (Crystallography Open Database) as a
reference. For the Ni–Ti binary alloy, the martensite and austenite phases were identified.
The coexistence of the austenite and martensite phases in diffractograms was also observed
by other authors [21,26,35]. The monoclinic martensite phase (B19’) was identified by
comparing with the chart (2107170) in the planes (002), (−111), (020), (012), (022) and with
chart (9015733) in the plane (011). The B2 austenite phase was identified by comparing
with the chart (1100132) in the planes (010), (011), (020), and (121).
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Figure 1. X-ray diffractograms of the alloys: (a) Ni–Ti, (b) Ti–Ni–Mo0.5, (c) Ti–Ni–Mo1, (d)Ti–Ni–Mo2,
(e) Ti–Ni–Mo3, and (f) Ti–Ni–Mo4, as cast, obtained at room temperature.
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Still, Figure 1 shows that the increase in the molybdenum content caused a change in
the oxides formed on the surface of the samples. Some oxides were identified in the samples
from the content of 3 at.% of molybdenum. The formation of oxides occurs due to the high
reactivity of these elements with oxygen, as also seen by Hsieh et al. [42]. Ti–Ni–Mo3 and
Ti–Ni–Mo4 samples showed TiO oxides (planes (020), (022), and (222) of chart 1536851)
and TiO3 (planes (004) and (112) of chart 1529954). The presence of these oxides was also
reported by Swain et al. [43] and Odetola et al. [44]. This behavior can be explained by the
increase in the Ti/Ni ratio, as, according to Chan et al. [45], the increase in the Ti/Ni ratio
favors the increase in TiO and TiO2 oxides.

3.2. Scanning Electron Microscopy and Chemical Composition

In manufacturing, molybdenum was added in different atomic percentages in sub-
stitution to compare the Ni content in the Ni–Ti alloy. Molybdenum is a β-stabilizer, and
the variation in its atomic percentage in the alloy can cause different microstructures and
properties to be obtained [46].

According to Xu et al. [47], due to their intermetallic nature, the microstructures
and properties of binary Ni–Ti alloys are very sensitive to the ratio of Ni and Ti contents.
Therefore, deviations in stoichiometry, such as adding elements to form ternary systems or
replacing Ti or Ni, can cause the precipitation of secondary phases—during solidification
or heat treatment at high temperatures, for example.

After fabrication, the Ni–Ti, Ti–Ni–Mo0.5, Ti–Ni–Mo1, Ti–Ni–Mo2, Ti–Ni–Mo3, and
Ti–Ni–Mo4 alloys were characterized according to their morphology. For this, the scanning
electron microscopy (SEM) technique was used to identify the chemical composition by
EDS. The images referring to the alloys obtained in the state as cast (post-melting without
heat treatment) are shown in Figure 2.

According to the image presented in Figure 2a, it is possible to observe that the Ni–Ti
sample presents a uniform microstructure with well-defined grain boundaries. In addition,
evidence of the martensite phase (B19′) was observed, indicating that this Ni–Ti sample
presents the martensite phase at room temperature. A similar behavior was observed by
Marattukalam et al. [48], in which the processed Ni–Ti alloy clearly showed well-defined
grain boundaries and the wrinkled appearance of the martensite phase.

As the Ni–Ti sample presented a homogeneous microstructure, that is, the presence
of precipitates and intermetallic compounds was not observed, the chemical composition
measurement through EDS was carried out over the entire region shown in Figure 2a, and
the result is available in Table 3. The data indicate that the Ni–Ti sample is rich in titanium
and differs by 2% from the expected one since the nominal composition was an equiatomic
alloy. This variation in composition may occur due to the volatilization of nickel, the most
volatile element in the alloy. According to Gale, William and Totemeier [49], nickel has a
higher evaporation rate than titanium.

The image with 2000× magnification of the sample with 0.5 at.% molybdenum is
shown in Figure 2b. It is observed that this sample exhibits well-defined grain boundaries
and diverse intragranular structures. It is also possible to verify some equiaxed grains
observed in the Ni–Ti alloy, as well as the presence of precipitates and the wrinkled
appearance characteristic of the martensite phase (B19′). The precipitates observed in the
Ti–Ni–Mo0.5 sample were analyzed using the EDS test, and, according to the chemical
composition shown in Table 3, it can be seen that they are precipitates of Ti2Ni and oxides
of Ti4Ni2O. A similar composition was reported by Klopotov et al. [50].

Figure 2c shows the image referring to the Ti–Ni–Mo1 sample at 2000× magnification.
As shown in the image, this sample exhibits a markedly different microstructure from the
binary alloy. It is a characteristic hypo eutectic microstructure, composed of a matrix phase,
which is observed in the micrographs as the region with a light gray color, surrounded by
an interdendritic eutectic structure, identified as the darkest region. The two identified
regions were analyzed by EDS and are presented in Table 3. The data indicate that the dark
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region (interdendritic eutectic structure) presents molybdenum content below the expected
(0.6 at.%), while the light region presents the expected composition (1.1 at.%).

Figure 2d confirms that the Ti–Ni–Mo2 alloy presents structures with areas of dendritic
crystallization and coarse precipitates of Ti2Ni. In addition, fine precipitates of TiNi
crystallized separately in the matrix, and Ti4Ni2O precipitated in a rounded and segregated
form. These precipitates were identified through EDS analysis; the data are shown in
Table 3. In the work of Klopotov et al. [50], the effect of adding Molybdenum (0.3 at.%) and
Vanadium (2 at.%) in the Ni–Ti binary alloy was evaluated, and the results revealed the
presence of precipitates similar to those identified in this work for the Ti–Ni–Mo2 alloy.
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Table 3. Quantitative data of the chemical composition of the phases found in the alloys: Ni–Ti,
Ti–Ni–Mo0.5, Ti–Ni–Mo1, Ti–Ni–Mo2, Ti–Ni–Mo3, and Ti–Ni–Mo4.

Alloys Phases Ti (at.%) Ni (at.%) Mo (at.%) O (at.%)

Ni–Ti B19′ 52.3 ± 0.1 47.7 ± 0.1 -

Ti–Ni–Mo0.5

Ti2Ni (Mo) 67.7 ± 0.03 32.1 ± 0.02 0.2 ± 0.01 -
Ti4Ni2O (Mo) 47.0 ± 0.3 33.5 ± 1.9 2.0 ± 0.4 17.5 ± 1.2
B19′-Matrix 52.0 ± 0.12 47.4 ± 0.1 0.55 ± 0.01 -

Ti–Ni–Mo1
TiMo + Ni 51.5 ± 0.5 47.9 ± 0.5 0.6 ± 0.1 -
B2-Matrix 51.7 ± 0.05 47.1 ± 0.03 1.1 ± 0.01 -

Ti–Ni–Mo2

Ti 94.2 ± 4 5.7 ± 4 - -
TiNi 51.2 ± 0.8 48.7 ± 0.8 - -

Ti2Ni (Mo) 62.7 ± 0.2 36.3 ± 0.2 1.04 ± 0.02 -
Ti4Ni2O (Mo) 47 ± 0.3 33.5 ± 1.9 2.0 ± 0.4 17.5 ± 1.2

B2-Matrix 51.1 ± 0.3 46.7 ± 0.3 2.2 ± 0.04 -

Ti–Ni–Mo3

TiNi 52.4 ± 0.3 47.6 ± 0.3 - -
Ti4Ni2O (Mo) 47 ± 0.3 33.5 ± 1.9 2.0 ± 0.4 17.5 ± 1.2

B2-Matrix 50.3 ± 0.8 46.2 ± 0.8 3.4 ± 0.03 -

Ti–Ni–Mo4 B2-Matrix 50.1 ± 0.2 45.5 ± 0.3 4.3 ± 0.2 -

The images presented in Figures 1f and 2e represent the Ti–Ni–Mo3 and Ti–Ni–Mo4
alloys, respectively, and show structures with areas of dendritic crystallization not showing
characteristics of the martensite phase. It can be seen that these alloys have two regions,
one light and one dark. A similar result was found by Chen et al. [51] when evaluating
the microstructure of a Ti–Ni–Nb alloy with the addition of molybdenum. The image
shown in Figure 2e shows that the Ti–Ni–Mo3 alloy has structures with areas of dendritic
crystallization and some precipitates that were identified by EDS as TiNi precipitates and
Ti4Ni2O-type oxides, without evidence of the characteristic wrinkled appearance of the
martensite phase. In Figure 2f, the presence of precipitates and intermetallic compounds
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was not observed, and thus, the measurement of chemical composition through EDS was
then carried out over the entire region shown in Figure 2f.

The data presented show that the Ti–Ni–Mo0,5, Ti–Ni–Mo1, Ti–Ni–Mo2, and Ti–Ni–
Mo3 alloys presented different phases, such as precipitates and oxides; this result corrob-
orates what was found in the XRD diffractograms. Among those cited, the alloy with
2 at.% of molybdenum presented more precipitates, while the Ni–Ti and Ti–Ni–Mo4 alloys
did not. Concerning the matrix phase of each alloy, it was observed that the percentages
of molybdenum obtained confirmed what was expected, indicating that the plasma arc
melting process was able to produce Ti–Ni–Mo alloys with compositional homogeneity.

It is essential to highlight that the EDS analysis, although applicable to identifying the
elements present in the sample, has limitations. In particular, the interaction volume in EDS
analysis can include surrounding areas, which can result in an inaccurate representation
of the chemical composition of an individual phase or area. Furthermore, EDS analysis
is a semi-quantitative method subject to measurement errors. Thus, although the EDS
data provide us with valuable information about the overall chemical composition of our
samples, the data must be interpreted with care when it comes to determining the chemical
composition of individual phases, and it is necessary to confirm with XRD data.

3.3. Transformation Temperatures

The thermal study of the samples was possible thanks to the DSC tests, and the
curves resulting from the tests are shown in Figure 3, from which the thermally induced
transformation behavior of the evaluated samples can be observed. The exothermic peak
on cooling represents the transformation from austenite to martensite, and the endothermic
peak on heating is related to the reverse transformation from martensite to austenite.

It is verified that the thermogram of the binary alloy is altered with the addition of
Mo, and the variation of the Mo content in the ternary alloys also causes alterations in
the transformation temperatures. The evaluation of the results presented allows establish-
ing a direct relationship between the variation in the composition of the alloys with the
manifested thermal behavior; therefore, the increase in the molybdenum content causes a
decrease in the temperature Rs. Similar behavior was observed by Jiang et al. [52]. These
researchers found that the peaks of the martensite transformation and the R-phase trans-
formations’ peaks gradually shifted to lower temperatures with increasing Mo content.
Based on this assumption, we can say that the corresponding curves of the Ti–Ni–Mo2,
Ti–Ni–Mo3, and Ti–Ni–Mo4 alloys did not show phase transformation peaks in the range
analyzed here because the increase in molybdenum content caused a significant shift to
lower temperatures.

From these, DSC curves were extracted: The start and end temperatures of the R-phase,
Rs and Rf; the start and end temperatures of the martensite transformation, Ms and Mf;
and the start and end temperatures of the reverse transformation, As and Af, as well as
the enthalpies of transformation of the R-phase (∆HR), of the martensite phase (∆HM) on
cooling and of the austenite phase (∆HA) on heating. These values were determined from
the intersections of the tangents for the cooling and heating peaks by taking the inflection
points and are shown in Table 4.

Table 4. Phase transformation temperatures and phase transformation enthalpies obtained from the
DSC curves.

Samples Rs (◦C) Rf (◦C) Ms (◦C) Mf (◦C) As (◦C) Af (◦C) ∆HR (J/g) ∆HM (J/g) ∆HA (J/g)

Ni–Ti - - 35.1 11.8 41.7 70.9 - 26.2 27.2
Ti–Ni–Mo0.5 22.2 −5.6 −10.9 −37.7 8.8 40.5 2.9 6.2 18.9
Ti–Ni–Mo1 12.4 −11.7 −20.9 - −21.7 23.9 3.7 - 15.2
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Figure 3. DSC curves of the alloys as cast: (a) Ni–Ti, (b) Ti–Ni–Mo0.5, (c) Ti–Ni–Mo1, (d) Ti–Ni–Mo2,
(e) Ti–Ni–Mo3, and (f) Ti–Ni–Mo4.
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The data in Table 4 confirm what was observed—the addition of molybdenum to the
Ni–Ti alloy caused the decoupling of the R-phase, and the increase in the molybdenum
content in the alloy caused a displacement in the phase transformation peaks to lower
temperatures. A variation of 9.8 ◦C was observed for the beginning of the R-phase transfor-
mation and 30.5 ◦C for the beginning of the austenite transformation, a variation caused by
an increase of 0.5% in the molybdenum nominal composition.

3.4. Microhardness and Modulus of Elasticity

The instrumented indentation technique measures the yield strength of the material.
It can also be used to measure mechanical properties of materials, such as hardness and
modulus of elasticity. Some works in the literature [28,53–55] report using this technique to
determine the hardness and modulus of elasticity of materials based on Ni–Ti.

Table 5 presents data on microhardness and modulus of elasticity for alloys with
different percentages of molybdenum. The data in Table 5 indicate that the increase in the
molybdenum content causes a decrease in the hardness and modulus of elasticity. Similar
behavior was observed by Ozaki et al. [56], when adding a beta-stabilizing element to the
titanium alloy. In another paper, Zhao et al. [57] describe the characterization of a Ni–Ti
alloy with niobium addition. These authors verified that the addition of niobium caused a
decrease in the values of microhardness and modulus of elasticity and that this softening
behavior would be attributed to the effect of damage, which is caused by the implanted
ions that transfer enough energy to target atoms during a series of collisions and manages
to displace them from their network location. Our hypothesis is that the same phenomenon
occurs in alloys based on Ni–Ti with the addition of Mo.

Table 5. Microhardness and modulus of elasticitity of the alloys as cast: Ni–Ti, Ti–Ni–Mo0.5, Ti–Ni–
Mo1, Ti–Ni–Mo2, Ti–Ni–Mo3, and Ti–Ni–Mo4.

Alloy Microhardness (HV) Modulus of Elasticity (GPa)

Ni–Ti 494 ± 12 71 ± 5
Ti–Ni–Mo0.5 461 ± 29 74 ± 5
Ti–Ni–Mo1 222 ± 18 52 ± 2
Ti–Ni–Mo2 339 ± 24 65 ± 3
Ti–Ni–Mo3 294 ± 39 65 ± 7
Ti–Ni–Mo4 272 ± 17 63 ± 5

It is essential to point out that the samples with higher molybdenum contents showed
a modulus of elasticity around 63 GPa, which is interesting for applications such as biomate-
rials since the titanium used for this purpose has a high modulus of elasticity (111 GPa), and
this causes discomfort to the patient. Furthermore, it can cause the phenomenon known
as stress shielding due to the rigidity mismatch between the bone and the implant [58].
According to Figure 4, we observe that the modulus of elasticity of dense human bone
is around 26 GPa and that the value found in this work (63.8 ± 7.8 GPa) is closer to the
desired one when compared to commercially pure titanium (CpTi).
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Figure 4. Values of modulus of elasticity of metallic materials used as biomaterials [59–63].

3.5. Corrosion Resistance Evaluation

Figure 5 presents the curves representing the variation of the open circuit potential
(EOCP) measured before the potentiodynamic polarization tests for each of the samples
of the studied alloys immersed in a PBS solution for 3600 s. It is noticed that after the
immersion of the working electrodes, the potentials are displaced in the direction of
more positive potentials, tending to a stabilization. According to Oliveira et al. [64], this
behavior is characteristic of metals that present spontaneous formation of a passive film
on the metallic surface, that is, that undergo passivation, being able to control and reduce
the dissolution of the alloy. Saebnoori et al. [65] clarify that, during immersion in an
electrolyte, dissolved oxygen ions adsorb on the surface of the electrode and react with ions
of the metallic alloy to form an oxide layer, which inhibits the conductivity of ions at the
electrode/electrolyte interface, so, forming a protective film. As a result, there is a decrease
in the anodic dissolution current, as indicated by the increase in EOCP, reaching a stable
condition after the completion of passive film formation.
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Figure 5. Curves of Open Circtuit Potential of Ni–Ti, Ti–Ni–Mo0.5, Ti–Ni–Mo1, Ti–Ni–Mo2, Ti–Ni–
Mo3, and Ti–Ni–Mo4, obtained in SBF at room temperature.
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The curves presented in Figure 5 also reveal that the EOCP values observed at the
end of the measurements do not vary uniformly with the variation in the composition of
the alloys. Therefore, it is not possible to propose that there is a tendency in its behavior
related to the Mo content. Unlike what was observed by Li et al. [66], who, when analyzing
Ni–Ti–Nb thin films deposited by cathodic sputtering (sputtering) on silicon substrates
(Si) and annealed at 600 ◦C for crystallization, found that in a 3.5% NaCl solution at 25 ◦C,
a general trend can be obtained, so that the open-circuit potentials of the films increase
as the Nb content increases, even presenting higher values compared to the Ni–Ti film.
The authors point out that the increase in EOCP toward more positive values indicates the
formation of a thicker and chemically more stable passivation layer, while the decay of the
potential toward more negative values indicates the dissolution of the passive layer. On
the other hand, the results of potentiodynamic polarization and electrochemical impedance
must be considered to arrive at a concrete result.

Figure 6 shows the polarization curves, from which the corrosion potential (ECorr),
corrosion current (ICorr), and polarization resistance (Rp) values were extracted, which are
shown in Table 6.
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Figure 6. Potentiodynamic polarization curves of Ni–Ti, Ti–Ni–Mo0.5, Ti–Ni–Mo1, Ti–Ni–Mo2, Ti–Ni–
Mo3, and Ti–Ni–Mo4 obtained in SBF at room temperature.

Table 6. Electrochemical parameters obtained from the potentiodynamic polarization curves.

Alloy EOCP (V) ECorr (V) ICorr (µA) ba (V/dec) bc (V/dec)

Ni–Ti −0.346 −0.377 32.2 0.364 0.182
Ti–Ni–Mo0.5 −0.330 −0.384 27.0 0.330 0.152
Ti–Ni–Mo1 −0.327 −0.363 23.9 0.172 0.281
Ti–Ni–Mo2 −0.347 −0.440 22.5 0.392 0.156
Ti–Ni–Mo3 −0.361 −0.420 16.9 0.298 0.143
Ti–Ni–Mo4 −0.320 −0.378 11.3 0.246 0.196

Figure 6 and Table 6 show that the addition of molybdenum to the Ni–Ti alloy caused
an increase in corrosion resistance. It is observed that the samples presented the phe-
nomenon of formation of the passivation film characterized by the stability of the current
in the range of 0 to 0.8 V. As can be seen in the image, the corrosion potentials (ECorr)
were very close and, therefore, due to dealing with a thermodynamic parameter that only
indicates a trend, it is advisable to evaluate the ICorr parameter to quantify the corrosive
behavior of these alloys better. According to the data in Table 6, all samples show a small
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ICorr (µA level), proving the passive layer’s effective protection. The Ti–Ni–Mo samples
have lower ICorr values than the Ni–Ti sample, which suggests that Mo additions positively
influenced the corrosion resistance of these alloys.

The corrosive behavior observed in the polarization tests was similar to that observed
in the OCP curves, so the results did not vary uniformly with the increase in molybdenum
content. However, alloys with higher molybdenum contents showed better corrosion
resistance. This behavior can be explained by TiO and TiO3 oxides detected through
XRD only for Ti–Ni–Mo3 and Ti–Ni–Mo4 samples. Mareci et al. [67] evaluated the electro-
chemical behavior of titanium alloys containing molybdenum and tantalum and found an
improvement in the corrosion resistance of these alloys when compared to titanium used
for implants CpTi. The authors attributed this improvement in resistance to the presence of
TiO2. In another work, Zhou and Luo [68] carried out a comparative study between Ti–Mo
and CpTi alloys and found that CpTi showed good corrosion behavior due to the formation
of a protective film of TiO2 oxide and Ti–Mo alloys showed good corrosion behavior due to
the passive film formation of a mixture of TiO2 and MoO3. The authors pointed out that
Ti–Mo alloys exhibited better corrosion resistance than CpTi, suggesting that the passive
film of a mixture of TiO2 and MoO3 is more stable and stronger than the passive TiO2 film,
and that Ti–Mo is more suitable than CpTi for biomedical application from the point of
view of good corrosion resistance.

In order to compare the oxide film formed on the surface of the samples when im-
mersed in PBS, electrochemical impedance spectroscopy tests were carried out, and the
results are presented in the form of a Nyquist diagram in Figure 7. All impedance spectra
showed a capacitive double layer (CPE) behavior characterized by an unfinished semicircle.
This behavior is typical of passive materials, involving a protective film with high corrosion
resistance. The shapes of the curves are very similar, indicating no changes in the corrosion
mechanism of any sample [69]. However, with the increase in the Mo content in the alloy, an
increase in the diameter of the curves is observed. The larger the diameter of this semicircle,
the greater the material impedance, which translates into lower kinetics on the surface of
the working electrode, making it difficult to transfer negatively charged species, according
to Wu and He [70].
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The experimental data of the curves of the Nyquist diagram shown in Figure 7 were
fitted through the equivalent electrical circuit, known as the Randles circuit, shown in
Figure 8. The same circuit was used by Liu et al. [71] to fit spectra similar to those of this
study. In this circuit, Rs is the solution resistance, Rp is the bias resistance (also known
as the charge transfer resistance), and CPE is the capacitive double layer. The values of
the parameters Rs, CPE, and Rp obtained from the equivalent electrical circuit are shown
in Table 7.
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Table 7. Adjustment parameters of the equivalente circuit of Ni–Ti, Ti–Ni–Mo0.5, Ti–Ni–Mo1, Ti–Ni–
Mo2, Ti–Ni–Mo3, and Ti–Ni–Mo4.

Liga Rs (Ω·cm2) CPE (µF·cm−2) n Rp (KΩ·cm2)

Ni–Ti 212 4.09 0.92 936
Ti–Ni–Mo0.5 237 3.20 0.92 1120
Ti–Ni–Mo1 206 2.69 0.88 1370
Ti–Ni–Mo2 289 0.97 0.83 1280
Ti–Ni–Mo3 212 2.81 0.88 1880
Ti–Ni–Mo4 217 3.69 0.91 2710

The data in Table 7 quantify the Nyquist diagrams and confirm the behavior observed
in the polarization curves. The alloy that showed the highest resistance to polarization, and
consequently, the highest corrosion resistance, was the Ti–Ni–Mo4 alloy.

4. Conclusions

Through the experimental study carried out in this work, it was possible to verify that:

• The addition of Mo in the Ni–Ti binary alloy and the changes in the Mo content in the
ternary alloys caused changes in the microstructure, with the formation of different
phases, precipitates (TiNi, Ti2Ni), and oxides (Ti4Ni2O, TiO, and TiO3).

• XRD analysis revealed an increase in the stability of the B2 phase when comparing
Ni–Ti and Ti–Ni–Mo0.5 alloys. In this analysis, the monoclinic martensite phase (B19’)
was identified only for the Ni–Ti sample without molybdenum, suggesting that the
change in the chemical composition of the alloy changed its microstructure to the
austenite phase (B2).

• The thermal analysis carried out by DSC tests indicated that adding molybdenum
in the Ni–Ti alloy caused the appearance of the R-phase, and the increase in the
molybdenum content in the alloy caused a shift of the phase transformation peaks to
lower temperatures.

• The results referring to microhardness and modulus of elasticity showed that the
increase in molybdenum content tended to decrease the hardness and modulus
of elasticity.

• Corrosion analysis revealed passivation film formation in all samples, giving these al-
loys high resistance to corrosion. In addition, it was verified that adding molybdenum
to the Ni–Ti alloy increased corrosion resistance.
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Finally, it is concluded that molybdenum is a β-stabilizer and its addition to the Ni–Ti
alloy, as well as the increase in its content in the ternary alloy, caused changes in the
microstructure that enabled the decrease in hardness, decrease in modulus of elasticity, and
increased resistance to corrosion, and these results suggest that the ternary alloys obtained
in this work can increase the field of application of Ni–Ti alloys, including in the field
of biomaterials.
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