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Abstract: The development of a Ti-34Nb-6Sn alloy by the powder metallurgy method, employing
two different compaction conditions, A (100 MPa) and B (200 MPa), was carried out. To evaluate
the feasibility of the Ti-34Nb-6Sn alloy as an implant biomaterial, microstructural and mechanical
characterizations, as well as corrosion susceptibility and ion release tests, were performed. Results
indicated microstructures dominated by the presence of β-Ti phase and a lower percentage of α-Ti
and Nb phases. The porosity percentage decreased when the compaction pressure increased. Both
conditions presented a good match between the elastic moduli of the alloy (14.0 to 18.8 GPa) and that
reported for the bone tissue. The Ti, Nb and Sn ions released for both compaction conditions were
within the acceptable ranges for the human body. Condition B showed higher corrosion resistance
in comparison with condition A. Based on the obtained results, the produced porous Ti-34Nb-6Sn
alloys are feasible materials for orthopedic implant applications.

Keywords: elastic modulus; ion release; corrosion; mechanical behavior; biomaterial

1. Introduction

The increase in population life expectancy and the decline in birth rates have increased
the need for the use of orthopedic implants [1,2]. By 2009, it was estimated that muscu-
loskeletal disorders cost around USD 254 billion [2]. In addition, it is forecast that by 2030,
the number of hip replacements and total knee arthroplasties will increase by 174% and
673%, respectively, from the 2009 rate. In orthopedic repairing, the devices used most often
are based on metallic, ceramic and polymer materials [3], as they can almost recover the
full function of bone tissue for a significant duration [4]. Among the metallic devices, the
most commonly used metals are stainless steel, Co-Cr alloy, titanium (Ti) and Ti alloys,
such as Ti-6Al-4V [5]. Titanium has promising characteristics for biomaterials, such as high
mechanical strength, medium elastic modulus, low susceptibility to corrosion and good
biocompatibility [6,7]. For these reasons, more than 70% of the devices used have Ti in
their composition [8,9]. The most widely used Ti alloy (Ti-6Al-4V) includes aluminum and
vanadium, components that are known as cytotoxic and which can lead to neurological
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and respiratory disorders [10,11]. Therefore, searching for new components that can be
used for long periods without damage to human health is an essential task.

Metal ions that are released from these biomaterials can be transported by body fluids,
accumulate in the organs and promote allergenic and carcinogenic effects [9]. According to
some authors, the concentrations of chloride ions (Cl−) in the serum and the interstitial
fluid are in the range of 113–117 mEq L−1. Thus, this environment can lead to the corrosion
process of metallic biomaterials when in contact with such bio-fluids. Besides, the body
fluid is composed of proteins (electrolytes) that can also ignite the corrosive process [12,13].
In addition, the oxygen content that is present in the body fluid is 25% of that in the
atmosphere [14]. This low oxygen content can delay the formation of protective oxide
layers on the surface of the implants. As a result, a significant amount of metal ions
are released into the body fluid. In the natural condition, the pH of the body fluid is
kept practically constant, due to its ionic composition of buffering character. Normally,
the pH value is in the range of 7.0 to 7.35 [15]. However, when a patient is exposed to
orthopedic surgery, the pH of the fluid around the bone tissue changes, decreasing to
approximately 5.2. After a few weeks, the natural conditions are restored, returning to the
range of 7.0–7.35 [15]. However, even with the buffering character of the body fluid, the pH
value can change depending on several factors, such as the dissociation of proteins and the
type of cells present. This could influence the corrosion of metallic implants. As they are
non-toxic, niobium (Nb) and tin (Sn) are good candidates for Ti alloy-based biomaterials,
also combining good stiffness and osseointegration response [16–18]. The non-toxicity of
Nb and Sn is extremely important, as these materials will be in contact with body fluids,
which can stimulate the process of ions’ release into the bloodstream. As a consequence,
new Ti-based alloys with non-toxic elements such as Zr, Nb, Ta and Sn were developed [6].
Ti-Nb-based alloys that contain non-toxic elements have attracted extensive fundamental
research attention due to their low elastic modulus and shape memory behaviors, as well
as their super-elasticity [7]. The corresponding alloying elements stabilized the titanium
BCC crystal structure at room temperature and hence decreased the elastic modulus [8].
Metastable β Ti alloys are found in the Ti-Nb system when the amount of β stabilizer
is sufficient to avoid α martensitic formation during cooling. Nb can dissolve perfectly
in Ti and exists in solid solution [9,13]. The element acts as a β-stabilizing element in Ti
Alloys. Meanwhile, the second-phase α martensitic formation, which has a hexagonal
crystal structure, tends to increase hardness and embrittle the alloy [10]. Therefore, it is
important to control the content of α phase. Sn is a potential alloying element for use in
preventing the excessive α phase precipitation in β phase. [19–22]. Both Nb and Sn are
non-cytotoxic because they have little effect on mouse fibroblast-derived L929 cells and
mouse osteogenic MC3T3-E1 cells [23], and the non-cytotoxicity of Ti-Nb-Sn alloys has
been reported in the literature [24–26].

Concerning the manufacture of alloys, there are two classic routes in powder met-
allurgy. The first one is by pre-bonding (PA) and the second one is using the elemental
mixture. The combination of a sintering route and conventional uniaxial compaction of
the powders obtained by elemental mixing is an economical process for obtaining Ti al-
loys. Additionally, this combination is fast to perform and requires temperatures lower
than the melting point of the alloying elements. Parameters such as compaction pressure,
sintering temperature, speed and milling time of powders have a strong influence on the
final microstructure and properties of the alloy. Furthermore, powder metallurgy offers
the possibility of modifying the porosity of the piece, providing an elastic modulus value
close to that of bone, especially when compared to the cortical bone [27]. The powder
metallurgy allows to very economically obtain porosities of 20–25% while still maintaining
the mechanical properties at sufficiently high rates. A porosity between 20% and 50%
can promote better cell–tissue–prosthesis interactions [19]. However, the limitation of
this technique regards the part that is difficult to remove from the matrix [27,28]. Due to
these difficulties, it is possible to resort to more advanced or special techniques, such as
cold isostatic pressing (CIP) or hot isostatic pressing (HIP), and in recent years to additive
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manufacture fabrication, but these are higher-cost techniques than the conventional press
and sinter. However, the difficulties in producing near-net-shapes by powder metallurgy
should be considered for possible scale-production.

In the literature, the feasibility of the mechanical properties for orthopedic implants
of porous Ti-Nb-Sn alloys has been demonstrated [29–35]. The Ti-Nb-Sn system is a non-
toxic alternative with low-elastic moduli for medical implants. However, the Nb and Sn
content should be thoughtfully considered to stabilize the β phase without interfering
in its possibility to transform to α” martensite with the application of stress. The high
strength and low elastic modulus achieved in Ti-Nb-Sn alloys is related to the occurrence
of stress-induced martensitic transformation and its reverse transformation [33]. The ad-
dition of Nb and Sn decreases the maximum martensitic transformation strain [32]. For
the present study, 34 and 6 wt.% of Nb and Sn were chosen to promote the stabilization
of β phase, respectively [36]. From the literature, the Ti-34Nb-6Sn alloy with 5% to 27%
porosity, elaborated by resistance-based sintering (ERS) [36] and vacuum hot pressing and
sintering [24,37,38], is a feasible material for orthopedic implants. However, the difficulties
of producing near-net-shapes using those techniques should be considered for possible
scale-production [39]. Previous reports showed acceptable corrosion performance of the
porous Ti-34Nb-6Sn in Ringer Hartmann’s and Hank’s solutions for performing as a bio-
material [36,37]. Besides, an adequate biological behavior due to good compatibility and
promotion of osteogenic differentiation of stem cells derived from equine bone marrow
has been proven for the porous Ti-34Nb-6Sn alloy [37,38]. The hardness and compressive
strength of the porous Ti-34Nb-6Sn alloy with different α and β contents are adequate
for implant applications [24,38]. Furthermore, the elastic limit measured by the impulse
excitation technique in the porous Ti-34Nb-6Sn alloy showed values from 41 to 63 GPa [24],
which are close to those reported for the cortical bone between 10 and 30 GPa [30]. Consid-
ering those promising results for the porous Ti-34Nb-6Sn alloy, further research related to
other key factors for the performance of biomaterials is necessary. Examples of those factors
are the toxicity potential that can be assessed by ion release, the corrosion performance to
evaluate the degradability of material in simulated biological environments, as well as a
more detailed mechanical performance that considers the formability and the nature of the
elastic behavior. Besides, testing different sintering conditions than those already tested is
important to guide the design of future Ti-Nb-Sn biomaterials.

This work aims to evaluate the feasibility of the Ti-34Nb-6Sn alloy as a biomaterial
for medical implants. Microstructural and mechanical properties, corrosion susceptibility
and ion release tests were performed in two porous Ti-34Nb-6Sn alloys produced by two
different compaction pressures (100 (condition A) and 200 MPa (condition B)). Using a
low compact pressure could promote the formation of highly porous samples and avoid
excessive grain growth. Based on this, we used a low compact pressure to verify the
influence on the microstructure and consequently on the mechanical and corrosion behavior.
In the literature, better biocompatibility of metallic pore implants has been demonstrated,
which decreases the elastic modulus and can improve the osteointegration process, making
the bone cells grow into the pores and then promote better stability with the bone. Besides,
the use of a low compaction pressure could assist in the cost-benefit of the elaboration
process of the alloy [39]. The mechanical, corrosion and ion release performances were
explained in terms of the microstructural features of these alloys.

2. Materials and Methods
2.1. Materials’ Preparation

Elemental powders of Ti (ASTM F67), Nb (99.99%) and Sn (99.50%) were purchased from
Acnis do Brasil (Sorocaba-SP-Brazil), CBMM (Araxá-MG-Brazil) and Metalpó (São Paulo-Brazil)
and weighed according to the predetermined stoichiometric composition of the Ti-34Nb-
6Sn (wt.%) alloy. The powders were milled at room temperature in a high-energy planetary
mill (FRITSCH-Pulverisette 5) in chromium steel for 40 min at 200 rpm in Ar atmosphere.
The ball to powder ratio (BPR) used for the milling process was 10:1. After milling, the
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powders were dried under vacuum and compacted uniaxially in a matrix (1 cm2) with
100 (condition A) and 200 MPa (condition B). The sintering was carried out in a high
vacuum-resistive furnace (COMBUSTOL-Tubular furnace) coupled to a mechanical pump
(Edwards) and diffuser (Edwards). Before sintering, the furnace chamber was filled with
argon and evacuated twice. The process was executed in two cycles: the first one at 450 ◦C
for 2 h and the second one at 900 ◦C for 2 h under a vacuum atmosphere with a pressure of
10−2 Pa. The sintering was followed by furnace cooling. The metallographic preparation
consisted of the following steps: The samples were embedded in resin and heated at 180 ◦C
for 3.5 min at a pressure of 350 bar. Then, 6 min of cooling occurred. The embedded
materials were sanded in a metallographic sander (Stru-ers-Labopol-25) at 150 rpm using
a sequence of SiC 80-, 220-, 500- and 1000-mesh sandpapers, in a humid environment.
Then, they were polished (Struers-Labopol-5) with a 9 µm solution (DiaMaxx) at 200 rpm,
followed by a final solution of OPS (Struers) and hydrogen peroxide (Derra) (10:2). To
eliminate possible contamination by this process, the samples were cleaned with distilled
water (18.2 MΩ cm) and ethyl alcohol/acetone for 1 h in an ultrasonic bath (Elma S30 H).
The preparation of the samples was carried out to promote an adequate surface for the
evaluation of its microstructure, in addition to the elimination of irregularities that may
influence the mechanical and electrochemical tests.

2.2. Physical Characterization

For the structural characterization of the alloys, the identification and the quantification
of phases, X-ray diffraction (DRX) (Bruker/D2Phaser, Karlsruhe, Germany)) was carried
out. The radiation used was Cu Kα, with λ = 0.15418 nm at 30 kV and 10 mA. The
measurements were performed between 30◦ and 90◦, with a step size of 0.02◦ and a
scanning speed of 0.02◦ s−1. The refinement of the structure and the quantitative analysis
of the phases, as well as the treatment of the data, were carried out by the free MAUD
software (version 2.94, Trento, Italy) and plotted using OriginPro software (version 8.5,
Northampton, MA, USA). The porosity and phase percentages were characterized by the
difference in contrast through Optical Microscopy (OM) (Nikon-ECLIPSE LV100DA-U,
Melville, NY, USA) and Field Emission Scanning Electron Microscopy (FE-SEM) (ZEISS-
ULTRA 55, Oberkochen, Germany) with backscattered electrons (BSE) and secondary
electrons (SE), and the working conditions were E0 = 20 kV, with a work distance of
6.3 mm. The geometric parameters such as density and porosity were investigated by the
Archimedes method according to the ASTM B328 standard.

2.3. Mechanical Properties by Compressive Test

Compressive tests were carried out on cylindrical samples with a diameter and height
of 10 and 7 mm at room temperature at a constant cross speed of 0.5 mm/min, employing
a SHIMADZU-AG-X plus, Tokyo, Japan 100 kN universal testing machine. The materi-
als were tested up to 2 mm of displacement. Therefore, the curves were plotted up to
0.30 mm/mm, which corresponds to approximately 2% of deformation. The proof stress
at 0.2% strain was considered as the elastic limit on the stress–strain compression curves.
The proof stress criterion is accurate for compression tests in several alloys, including
Ti alloys [40,41]. The elastic modulus (E), yield strength (YS) and the strain-hardening
coefficient (n) were calculated from the stress–strain curves. For the E, the fitted curve was
calculated to the linear elastic zones. For the n, the fitted curve was calculated from the
beginning of the plastic zone on the log-log true stress versus true strain. The average
compressive strength for each condition was determined. The calculations and the plots
were obtained using OriginPro 8.5 software. The average of five compressive strength
measurements for each condition was determined.

2.4. Corrosion Susceptibility and Ion Release Evaluation

The samples, after being embedded in methacrylate, were painted on their borders
with transparent enamel to delimit the attack region of the ionic solution and so that the
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liquid did not enter the extremities. Then, the dimensions of all samples were measured.
Three measurements were made on one side and three on the other side and the average
was taken, calculating their areas. Subsequently, 50 mL of the Fusayama solution was
added to sterile bottles and all samples (n = 3) were added. All of them were kept for
730 h at 37 ◦C. To quantify the release of the constituent ions of the alloy (Ti, Nb and
Sn), the liquids were taken for analysis by Atomic Absorption Spectroscopy of Hardened
Plasma coupling (ICP-OES) (Varian 715-S, Austin, TX, USA). The wavelengths used to
determine the content of ions released in the solution were: 336.0 nm (Ti), 313.1 nm (Nb)
and 189.9 nm (Sn).

The corrosion study was carried out by a potentiostat/galvanostat (Metrohm potentiostat-
PGSTAT204, Utrecht, Netherlands), on a surface of 0.785 cm2, using a three-electrode
cell in a Fusayama solution (NaCl 0.4 g/L, KCl 0.4 g/L, CaCl2 0.8 g/L, H2PO4 0.7 g /L,
NaF 2.5 g /L, Na2S 0.005 g/L and Urea 1g/L) at 37 ◦C. The Ag/AgCl and platinum
electrodes were used as reference and auxiliary electrodes, respectively. The electrochemical
tests consisted of the open-circuit potential (OCP) measurement (for 30 min) and the
polarization curves under 2 mV/s. The corrosion parameters were determined by Tafel’s
extrapolation methods using Wolfram Mathematica 12.1 software. The curves were also
made in OriginPro 8.5 software and three samples per condition were studied.

The corrosion rate (Cr) was calculated to take into account the value of icorr of each
condition, as well as the alloy density and the valence electrons of Ti (n).

The equation used for this was:

Cr =
M w icorr

F n
(1)

Then, the value was multiplied by 1,314,000 s (1 year), which affords the corrosion
resistance in µm/year.

3. Results and Discussion

In Figure 1a, the x-ray diffraction (XRD) profiles of powders Ti, Nb and Sn compared
to samples in conditions A and B are shown. The constituent phases of the A and B
conditions are present in the XRD profiles of Figure 1a. The peaks showed the presence of
α and β phases and no peaks reminiscent of Ti, Nb or Sn were found. Considering that
the crystalline structure of β and Nb phases corresponds to the space group Im-3m and
their lattice parameters are nearly similar [20,21], it is not possible to discern between both
phases by XRD. The three phases present are in agreement with those expected for Ti-Nb
alloys with a similar Nb content obtained by powder metallurgy methods [22–24]. It is
worthy to note that the intensity of peaks (002) and (101), i.e., second and third peaks, of α
phase in condition B decreased slightly when compared to condition A. Simultaneously,
there is an increment in the intensity of the peak (200) of β phase (second peak around
55.7◦), suggesting the unceasing transformation of phases with the increment of compaction
pressure. These results are in accordance with those obtained by Rietveld refinement, which
showed a higher formation of β phase with the increment of compaction pressure, i.e.,
73.1% ± 1.2% and 79.9% ± 0.1% for conditions A and B, respectively. The increment of
β phase in condition B might be related to the higher solubilization of Nb (β stabilizer)
resulted from the higher compaction pressure. Other authors [25] have reported similar
behavior of the β phase by varying the compaction pressure of the Ti-Al-8V-5Fe alloy.

Figure 1b,c show the morphology and size of phases and pores in conditions A and
B. Through the difference in contrast by using backscattered electron (BSE) signals, the
differences in the chemical composition of the phases become visible. Regions with a dark
contrast indicate the presence of the element with the highest atomic mass on the alloy,
i.e., Sn, which is mainly solved in the α phase. The gray contrast denotes regions rich in
Nb and Ti, that is, β + α phases, while particles of pure Nb generate a white contrast. The
microstructure of both conditions was formed by α, β, as well as Nb particles that did not
diffuse through the material. In agreement with the above-mentioned phase percentages,
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the α phase in both microstructures is visibly less frequent than the β phase. The white
contrast regions are present in 53.4% and 57.1% in conditions A and B, respectively, with
an increment of 7% according to the image analysis. It is also noticeable that the average
size of Nb particles is 9.5 ± 1.8 µm. These particles consist of a pure Nb core surrounded
by a biphasic (α + β) microstructure. The existence of such Nb particles could be related
to an insufficient sintering temperature, which was not enough to obtain a total diffusion
of Nb into the matrix. It has been reported that a total diffusion of Nb into the β matrix is
obtained by using sintering temperatures above 1600 ◦C [26]; nonetheless, the employment
of such temperature in the current system could affect the content of Sn in the alloy. Besides,
the increment of β phase in condition B might be related to the higher solubilization of Nb
(β stabilizer) resulted from the higher compaction pressure.

Powders 2022, 2, FOR PEER REVIEW 6 
 

 

i.e., Sn, which is mainly solved in the α phase. The gray contrast denotes regions rich in 
Nb and Ti, that is, β + α phases, while particles of pure Nb generate a white contrast. The 
microstructure of both conditions was formed by α, β, as well as Nb particles that did not 
diffuse through the material. In agreement with the above-mentioned phase percentages, 
the α phase in both microstructures is visibly less frequent than the β phase. The white 
contrast regions are present in 53.4% and 57.1% in conditions A and B, respectively, with 
an increment of 7% according to the image analysis. It is also noticeable that the average 
size of Nb particles is 9.5 ± 1.8 μm. These particles consist of a pure Nb core surrounded 
by a biphasic (α + β) microstructure. The existence of such Nb particles could be related 
to an insufficient sintering temperature, which was not enough to obtain a total diffusion 
of Nb into the matrix. It has been reported that a total diffusion of Nb into the β matrix is 
obtained by using sintering temperatures above 1600 °C [26]; nonetheless, the employ-
ment of such temperature in the current system could affect the content of Sn in the alloy. 
Besides, the increment of β phase in condition B might be related to the higher solubiliza-
tion of Nb (β stabilizer) resulted from the higher compaction pressure. 

 

 
  

Figure 1. (a) XRD patterns for milled powder and samples sintered in conditions A and B, as well 
as SEM micrographs by BSE detector of (b) condition A and (c) condition B. 

From SEM images, there was no evident change in porosity distribution, morphology 
or size. The previous statement was corroborated by the data included in Table 1, which 
showed a slight decrement in porosity (from 25% to 22%) when increasing the compaction 
pressure. This result was also congruent with the nearly similar experimental densities 
from 4.02 to 4.24 g/cm3 for conditions A and B, respectively. Such decrement in porosity 
could be triggered by the higher contact frequency between the powder particles when 
increasing the compressibility forces. Furthermore, according to different authors, the va-
cancies formed (due to the release of hydrogen) during the sintering process might con-
tribute to the densification process [42,43]. 

  

Figure 1. (a) XRD patterns for milled powder and samples sintered in conditions A and B, as well as
SEM micrographs by BSE detector of (b) condition A and (c) condition B.

From SEM images, there was no evident change in porosity distribution, morphology
or size. The previous statement was corroborated by the data included in Table 1, which
showed a slight decrement in porosity (from 25% to 22%) when increasing the compaction
pressure. This result was also congruent with the nearly similar experimental densities
from 4.02 to 4.24 g/cm3 for conditions A and B, respectively. Such decrement in porosity
could be triggered by the higher contact frequency between the powder particles when
increasing the compressibility forces. Furthermore, according to different authors, the
vacancies formed (due to the release of hydrogen) during the sintering process might
contribute to the densification process [42,43].

Table 1. Density and total porosity measured by the Archimedes method for the studied materi-
als’ conditions.

Condition Compaction
Pressure (MPa)

Experimental
Density (g/cm3)

Relative
Density, ρ/ρs

Total Porosity (%)

A 100 4.02 ± 0.11 0.73 ± 0.01 26 ± 0.8
B 200 4.24 ± 0.07 0.78 ± 0.02 22 ± 0.5
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Figure 2 shows the compressive true stress–true strain curves of sintered conditions
A and B. Both conditions exhibited similar compressive behaviors. According to the
mechanical properties shown in Table 2, yeld strength (YS) values were in the range from
245 to 318 MPa for conditions A and B, respectively. These YS values are higher than those
of bones, which have been reported between 104 and 121 MPa [44]. Compared to the YS
value (~1190 MPa) of Ti-60Mo with a porosity of about 27% [45], the YS values obtained in
both conditions A and B are low. This can be related to the phase content; while the reported
Ti-60Mo has a homogeneous β phase microstructure, conditions A and B have at least 20%
of α phase. It is well-known that the β phase has a higher mechanical performance than the
α phase [26]. The strong effect of the α phase in the YS of Ti alloys can be confirmed by the
obtainment of ~100 to 110 MPa in an α phase Ti-O-Fe-Ni-C-H alloy with ~30% porosity [46].
The ultimate strength before fracture was ~590 and 660 MPa for A and B conditions,
respectively. Such increments of mechanical resistance with the compaction pressure might
be related to the greater density of condition B in comparison with that for the A material.
The E values of both materials (from 14 to 19 GPa) are within those reported for cortical
bone, between 10 and 30 GPa [45,47], which might be an important advantage for its use as
an implant biomaterial. It has been reported that reducing the mismatch of E between the
implant and the bone reduces the overload of the bone (stress-shielding) and increases the
success rate for osseointegration [48]. This suggests a satisfactory mechanical performance
of Ti-34Nb-6Sn in the human body. Besides, the E values obtained for the Ti-34Nb-6Sn alloy
are well below those reported for numerous biomedical alloys, such as commercially pure
Ti, Ti-35Nb-72Zr-5Ta, Ti-15Mo-5Zr-3Al, Ti-6Al-7Nb and Ti-6Al-4V, among others [49]. There
is also a remarkably clear tendency towards increasing E with the compaction pressure,
suggesting that the obtainment of low E values could be related to the low compaction
pressures employed in this work. The previous statement was corroborated by the highest
E values (~105 to 112 GPa) of Ti-16Nb-2Sn and Ti-16Nb-4Sn by powder metallurgy methods
with a compaction pressure of 400 MPa [33,50]. The porous Ti-34Nb-6Sn also has the lowest
E value in comparison with the other Ti-10 to 43 wt.% Nb-2 to 15 wt.% Sn alloys prepared
by arc melting [17,30,51–53]. These results also corroborate the strong influence of the
porous microstructure on the suitability of mechanical properties for biomaterials. Porosity
has already been reported as a promising parameter to reduce the E values of metallic
biomaterials [52]. It should also be noted that there was a greater influence of density on
the E value, in comparison with the effect of the phase percentages. Considering that the
β-Ti phase is known for its low E values [30,54], the increment of β phase in condition B
was expected to decrease the value of E. Nevertheless, the E increased with the compaction
pressure, which could be the result of higher density and bond strength. Other authors
have also reported low E values (~25 to 0.5 GPa) in α-Ti with porosity greater than 50% [55].

Figure 2a also allows for observing the formation of cracks that appeared from the
onset of the plastic deformation region, being a result of the typical barreling during
compression tests [56]. The formation of cracks in the corners of compression test samples
and their propagation towards the center is widely reported for different metallic materials,
including Ti alloys [57]. This phenomenon is related to the heterogeneous distribution of
pressure as a function of the radial distance from the center to the corners in compression
test samples [56]. The center of the tested sample concentrates the higher stress, generating
the formation of cracking at the corners, with the corners being the zones with a lower
compromise of mechanical integrity for the whole sample [58]. In the present study, the
cracking in both conditions A and B behaved similarly. The formation of radial cracking
started at about 2.3 mm from the center of each tested condition. Due to their similar
fracture modes, the insert in Figure 2a is representative of the behavior of both studied
conditions, A and B.
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Table 2. Mechanical properties obtained from the compression test.

Condition
Elastic

Modulus,
E (GPa)

Yield Strength,
YS (MPa)

Strain-Hardening
Coefficient, n

Ultimate Compressive
Strength, UCS (MPa)

Specific Elastic
Modulus, E/ρs

A 14.1 ± 3.7 244.9 ± 33.7 2.7 ± 0.2 590.0 ± 75.7 3.6 ± 0.5
B 18.8 ± 7.2 318.6 ± 45.5 4.8 ± 0.9 660.0 ± 93.1 4.4 ± 0.6

Furthermore, Figure 2b shows the estimation of the strain-hardening coefficient (n)
from the slope of the logarithmic true stress versus logarithmic true strain. It is well-
known that n is a measure of the capability of the material to gain strength while it is
being deformed. It can be seen that the higher value of n in condition A (n = 0.3) suggests
great formability in comparison with condition B. This result could be expected from
the increment of strength in condition B. Such increment of mechanical resistance could
result from the augmentation of dislocation density on material B, which simultaneously
decreases the free path for deformation, triggering the decrement of ductility.

The representative morphology of failure from the compression test was observed by
FE-SEM and is displayed in Figure 3a. The failure follows the path of the grain boundaries,
i.e., the typical failure for the studied alloys is intergranular. It is well-known that the
presence of second phases on the grain boundaries, as well as the presence of pores,
promotes intergranular cracking [59]. Based on the above, the presence of Nb particles and
the porous microstructure of both conditions were responsible for this fracture morphology.
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In the magnification of Figure 3b, it is possible to observe the preferential path of the crack
along with the position of Nb particles.
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Figure 3. FE-SEM micrograph at (a) lower and (b) higher magnification of the fracture generated by
the compression test. The morphology of the presented fracture is representative of both conditions
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The release of Ti, Nb and Sn ions from conditions A and B is shown in Figure 4.
The quantity and rate of ion release for both studied conditions are detailed in Table 3.
Condition B released a greater quantity of the three elements present. However, the Nb ions’
release between 1.4 and 2.9 µg cm−2 day−1 is well below the Nb content in a diet of 100 g
of protein, 250 g of carbohydrate and 100 g of fat, which is about 620 µg [60]. Regarding
the Sn, it has been suggested at a maximum content of 200 mg/kg of food [61]. Such values
are above the Sn ions’ release obtained for both conditions (0.89 to 1.45 µg cm−2 day−1).
Additionally, the Food and Drug Administration (FDA) recommends an upper limit of 1%
of Ti from the total mass of ingested food [62]. This is a maximum of 106 µg of TiO2 per kg
of food. Considering the total mass of 1 L of Fusayama solution used for the ion release tests,
the Ti ions’ release from both conditions was 0.018% (condition A) and 0.021% (condition B).
Previous results allowed considering that all the ion release concentrations are within the
acceptable ranges for human ingestion.
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Table 3. Ti, Nb and Sn ions released compared with the nominal composition of the alloy.

Condition Units Ti Nb Sn Total

A µg/L 556 ± 386 123 ± 13.7 72 ± 27 751
µg cm−2 day−1 6.35 ± 0.12 1.40 ± 0.12 0.89 ± 0.33 8.64

% 74 16 10 100

B µg/L 618 ± 144 253 ± 150 117 ± 89 988
µg cm−2 day−1 7.05 ± 0.39 2.88 ± 0.52 1.45 ± 0.43 11.44

% 62 26 12 100

Moreover, the percentages of Ti and Sn release (62% to 74% and 10% to 12%) were
higher than their percentages in the nominal composition of the alloy (60% and 6%).
Contrarily, Nb ions’ release values from both conditions (16% to 26%) were lower than the
nominal percentage (34%). From these results, the alloy suffered a preferential chemical
attack in the solid solution in comparison with the Nb immiscible particles. Previous
phenomena could be related to the well-known lattice distortion and binding energy
changes resulted from the introduction of substitutional or interstitial elements into the
atomic arrangement of the solid solution [63]. It was also noted that there was a higher
dissolution rate of the three constituent elements on the alloy with greater compaction
pressure (condition B). Interestingly, condition B also has a lower porosity percentage
and higher content of beta phase in comparison with condition A. From the literature, it
was found that the presence of pores increases the trapping of electrolyte species and the
decrement of oxygen supply, which is essential for the stability of the passive film [64].
Based on the above, the increment of the ion release rate with the decrement of total porosity
on the Ti-34Nb-6Sn alloy was a non-expected result. It also should be pointed out that the
greater presence of the β phase in condition B implies a greater percentage of solubilized
Nb. Considering that the Nb particles showed less chemical susceptibility than the solid
solution, the great ion release rate from condition B could be triggered by the decrement of
Nb cores. Previous results suggest that the ion release in the porous Ti-34Nb-6Sn alloy was
mainly influenced by the solid solution percentage in comparison with the lower effect of
porosity. The β-type grains suffered the greatest attack by immersion, due to lower density
and higher atomic disorder [65,66]. The highest ionization energy of Sn in comparison with
that of Ti and Nb also supports the preferential attack of the β phase (rich in Nb) [67]. The
Nb cores dispersed along the microstructure of both conditions showed greater resistance
to the corrosive media of artificial saliva.

Electrochemical analyses were performed by evaluating the open-circuit potential
(OCP) and the potentiodynamic polarization curves (PPC), and the results are displayed
in Figure 5. The kinetic parameters obtained from the corrosion test are shown in Table 4.
Figure 5a shows the open-circuit potential (OCP) curves of both studied conditions. Both
conditions showed similar tendencies, i.e., the corrosion potential augmented progressively
at the early stage of immersion, and then remained almost constant at immersion times
above 1100 s. In both conditions, the initial OCP showed negative values, which indicates
that the ground base alloy was active. The continuous increase of potential during the
tests indicated the formation of a passive oxide film at the surface of both conditions of
the alloy [68]. Nevertheless, condition A showed a more negative corrosion potential in
comparison with condition B. Compared to the OCP values from –0.04 to –0.07 V after
2100 s of immersion of Ti-34Nb-6Sn obtained by ERS in Ringer Hartmann’s solution, the
OCP of conditions A and B indicated higher corrosive activity at the surface. This can
be related to the severity of the corrosive medium used for testing. While the Ringer
Hartmann’s solution has a pH between 6 and 7 [36], the Fusayama solution with the
chemical composition as used in this study has a pH of 5.270 ± 0.108 [37,69].
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Figure 5. Electrochemical corrosion behavior of both studied conditions: (a) open-circuit potential
(OCP) and (b) potentiodynamic polarization curves (PPC).

Table 4. Kinetic parameters obtained from the PPC.

Condition Corrosion Current
Density, Icorr (A/cm2)

Corrosion Potential,
Ecorr (V)

Polarization Resistance,
Rp (kΩ)

Corrosion Rate
(µm/year)

A 1.62 × 10−5 −0.72 1.55 1.14
B 1.05 × 10−5 −0.5 2.39 0.74

The differences in phase content could also play a key role in the different electro-
chemical behavior between both studies. The Ti-34Nb-6Sn obtained by ERS has more than
96% of β phase [36], while the β phase in the present study ranges from 73% to 79%. It
is known that β-Ti alloys have better resistance in corrosive environments such as oral or
body fluids. However, this is mainly related to the content of β stabilizers such as Mo or Zr,
which decrease the corrosion potential of Ti alloys [70,71]. As Mo and Zr were not included
in the ERS Ti-34Nb-6Sn alloy from the literature, its better corrosion performance might be
related to the decrement of α/β interfaces’ density compared to that of the conditions A
and B of this study. The α/β interfaces are preferential sites for corrosion attack due to the
different rates of passive film formation between both phases [71,72]. On the other hand,
compared to the OCP value (-0.7 V) of Ti-34Nb-6Sn sintered at lower temperature and time
conditions than those used in this study [37], the OCP values of both conditions A and B
are less prone to corrosion. This can also be related to the phase content and resultant α/β
interfaces’ density. The Ti-34Nb-6Sn from the literature reported 55% of β phase [37], from
which a higher density of α/β is expected compared to the A and B conditions from this
study. Furthermore, the OCP values and passive formation tendency of both conditions
A and B are similar to those reported for different Ti-Nb alloys, such as Ti-30Nb, Ti-30Nb
with 2 to 10 wt.% Sn and Ti16-Nb30-SH [29,73].

Figure 5b compares the potentiodynamic polarization curves of conditions A and B.
Both curves show typical regions of a metallic material, referring to the cathodic region of
the polarization curve, which are: active and tending to the passivation zone. Condition
A has a passive potential in the range of −0.720 to −0.563 V (Ag/AgCl) and material B
in the range of −0.508 to −0.276 V (Ag/AgCl). Both materials have low current density
values that do not exceed log |5| (A/cm2). The PPC of both conditions suggested the
formation of a superficial passivation film. This was observed through the decrement
of current density and the significant posterior increment. This behavior displayed a
greater intensity in condition A. As seen in Table 4, the average corrosion potential for
condition A is lower than that for condition B, with an increment of around 36% in material
B. These average potentials obtained by the polarization curves were significantly lower
than those obtained by the OCP measurements. This phenomenon can be explained by
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the nature of the executed polarization test. The starting cathodic potentials applied to
samples could partially remove the passive oxide film. Comparing with condition A,
the polarization resistance (Rp) increased 1.5 times in condition B. Thus, the condition
produced by the higher compaction pressure showed higher corrosion resistance. The
differences in porosity between both conditions generated a noticeable difference in the
corrosion potential values. It has been reported that the increment of porosity increases
the corrosion susceptibility on Ti-Nb and Ti-Nb-Sn alloys [64,74]. Based on the above, it
was expected to find a better corrosion performance from the condition with a lower total
porosity percentage (condition B).

The highest content of β phase in condition B (79.9% ± 0.1%) compared to that in
condition A (73.1%± 1.2%) could also contribute to its improvement of corrosion resistance
by decreasing the density of α/β interfaces. Compared to the literature, the Ecorr of condi-
tions A and B (−0.5 to −0.72 V) is lower than that reported for the Ti-34Nb-6Sn sintered at
a lower temperature and time (−0.78 V) [37]. As explained before, this improvement in
electrochemical behavior might be related to a lower α/β interface density in the conditions
A and B compared to that obtained by 55% of β phase in the literature [37]. The different
corrosive testing media might also influence the corrosion behavior: the Ti-34Nb-6Sn from
the literature was tested in Hank’s solution (pH from 4 to 7) [37], while the media used
in this study was artificial saliva (pH = 5.27). Moreover, the Ecorr (−0.4 to −0.47 V) of the
Ti-34Nb-6Sn elaborated by electrical resistance sintering (ERS) [36] suggested a higher
corrosion resistance compared to both conditions in this study. However, as was explained
before, the lower severity of the Ringer Hartmann’s solution of that study compared to the
artificial saliva used in this work might strongly influence the result.

Considering a typical corrosion rate for metallic materials in the range of 25 to
100 µm/year [75], both studied materials exhibited excellent corrosion rates (0.74 to 1.14 µm/year).
Moreover, condition B presented greater corrosion resistance than condition A. It is
remarkable that, in both studied conditions, the rupture of the passive film occurred
close to 980 mV/Ag/AgCl. The human body has a reduction/oxidation potential of
500 mV/Electrostatic chuck (SCE) [76]. Therefore, the potential of both conditions meets
the requirements for good electrochemical performance in the human body.

4. Conclusions

The porous Ti-34Nb-6Sn alloy was produced by using two different low compaction
pressure conditions (100 MPa (condition A) and 200 MPa (condition B). The microstruc-
tural, mechanical, electrochemical and ion release behaviors allowed for obtaining the
following conclusions:

1. Both conditions, A and B, were mainly constituted by α, β and Nb phases. Condition
B showed a slight increment of β phase content and decrement of total porosity.

2. In comparison with condition A, the mechanical assessment showed increments of
30% and 12% of the yield and ultimate strength in condition B, respectively. The YS
values for both conditions (245 to 318 MPa) were above those reported for human
bone. The elastic moduli of both conditions (14.06 to 18.82 GPa) were similar to those
reported for cortical bone.

3. After the immersion in Fusayama artificial saliva, both conditions showed levels of
Ti, Nb and Sn ions’ release within the acceptable ranges for the human body. The
presence of Nb particles distributed along the microstructure of conditions A and B
could influence the occurrence of intergranular cracking during the ion release tests.

4. Through the electrochemical study of both conditions, condition B showed a lower
corrosion rate (0.74 µm/year) in comparison with condition A (1.14 µm/year). This
could be related to the lower total porosity percentage in condition B.

5. Based on the previous results, both conditions showed adequate mechanical, ion
release and corrosion performance for being employed as biomaterials for orthopedic
implants. Specific tests must be performed in different environments to determine the
performance of this alloy in different areas of the human body.
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