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Abstract: The development of titanium-β alloys for biomedical applications is associated with the
addition of alloying elements or the use of processing techniques to obtain suitable bulk properties.
The Ti25Ta25Nb3Sn alloy has been highlighted for its mechanical properties and biocompatibility. To
further enhance the properties of titanium alloys for biomedical applications, equal channel angular
pressing (ECAP) was used due to its capability of refining the microstructure of the alloy, leading to
improved mechanical properties without significant changes in Young’s modulus. This study aims to
evaluate the impact of ECAP on the microstructure of the Ti-25Sn-25Nb-3Nb alloy and investigate
the correlation between the microstructure, mechanical properties, and corrosive behavior. Grain
refinement was achieved after four ECAP passes, with an average grain diameter of 395 nm and a
non-homogeneous structure, and microhardness was slightly increased from 193 to 212 HV after four
ECAP passes. The thermomechanical aspects of the ECAP processing have led to the formation of a
metastable α′′ phase during the first two passes, while after four passes, the structure was composed
only of the β phase. The corrosion resistance of the alloy was increased after four passes, presenting
the best results in terms of the improvement of passivation corrosion density.

Keywords: titanium alloys; biomaterials; ECAP; mechanical processing

1. Introduction

Since the 1960s, the use of titanium alloys in biomedical applications has increased
due to their mechanical properties and excellent biocompatibility. Although the Ti-6Al-4V
alloy is the most commercially used, issues related to its biocompatibility in permanent
applications, with Al and V associated with Alzheimer’s and allergic diseases, respectively,
and its interaction with bone tissue due to its high Young’s modulus, have motivated the
search for new Ti-based alloys [1–4].

In this context, systems composed of beta-stabilizing alloy elements such as Ta and
Nb have been highlighted, mainly due to their good results related to Young’s modulus.
A low modulus, closer to those found in bone tissue, reduces the stress shielding effect
and improves cohesion at the bone–implant interface [5,6]. In addition, some of the
beta-stabilizing elements also exhibit high corrosion resistance due to the formation of
stable oxides, contributing to the passivation of the alloys and consequently improving
biocompatibility. These results have led to an increased interest in studies in this area.
Some promising alloys developed recently include: Ti-Mo-Nb [4,7,8], Ti-Mo-Nb-Zr [3,9],
Ti-Nb-Cu [10], Ti-Zr-Nb [11], Ti-Nb-Sn [12], Ti-Nb-Ta [13,14], Ti-Nb-Zr-Mn-Sn [15], Ti-Mo-
Nb-O [16], Ti-Nb-Zr-Ta [16], Ti-Nb-Zr-Ta-Sn [1], and Ti-Ta-Nb-Sn [17,18].

Tantalum is a beta-phase stabilizer with high biocompatibility and corrosion resistance
due to the formation of a Ti2O5 layer on its surface. Previous studies by Zhou (2004) evalu-
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ated the ultimate tensile strength (UTS) and Young’s modulus for the Ti-Ta system, in which
Ti-30Ta and Ti-70Ta alloys showed low elasticity modulus, 69 and 67 GPa, respectively,
and UTS of 590 MPa [19]. Niobium is also a beta-phase stabilizer, and it presents high
biocompatibility and corrosion resistance superior to Ti. In binary Ti systems, an increase in
toughness, UTS, shape memory, and superelasticity effects have been reported due to the
presence of martensitic phases [20]. Bertrand (2010; 2013) reported that the Ti-25Ta-25Nb
ternary alloy presented a monophase structure (beta-phase) and excellent biocompatibility
with low Young’s modulus [21,22]. However, the presence of the martensitic phase was
also observed, causing the double-yielding phenomenon, which may be detrimental to
the development of implants for bone tissue due to the high probability of fracture [23].
Tin has shown satisfactory results in terms of biocompatibility and has been employed in
biodegradable alloys with Mg and Zn, as well as in Ti alloys with Ta, Nb, and Zr, among
others [24,25]. The Ti-Nb-Sn and Ti-Nb-Zr-Ta-Sn systems provide better biocompatibility,
lower Young’s modulus, and higher mechanical strength and ductility compared to grade
2 titanium and Ti-6Al-4V alloy [1,25,26].

The addition of Sn to the Ti-25Ta-25Nb alloy was evaluated by Seixas (2018) and Silva
(2023), and the authors reported an increase in mechanical strength and a decrease in
Young’s modulus [17,18]. The Ti25Ta25Nb3Sn alloy presented a UTS of 583 MPa, hardness
of 193 HV, and modulus of 65 GPa, while the Ti-25Ta-25Nb-5Sn alloy presented a modulus
of 85 GPa and hardness of 198 HV, more suitable results for biomedical applications in bone
tissue compared to Ti-6Al-4V alloy, which has Young’s modulus of 110 GPa and hardness of
184 HV. The addition of Sn also inhibited the double-yielding phenomenon and presented
good corrosive behavior, although an increase in grain size was verified when compared to
the Ti25Ta25Nb alloy.

Due to the metastability of the β phase, the microstructure of β-titanium alloys cannot
be changed by heat treatments so the use of mechanical processing can also contribute to
grain refinement [8]. Equal channel angular pressing (ECAP) is a processing technique
capable of modifying the alloy’s microstructure through severe mechanical deformation,
resulting in grain size reduction. Microstructure refinement contributes to the increase
in mechanical properties, such as hardness, yield, and fatigue strength. Furthermore,
ECAP has little interference with the material structure, resulting in small or no changes in
Young’s modulus. These characteristics are interesting for materials developed for use in
bone implants. In addition to modifying mechanical properties, microstructure refinement
also affects other material properties, such as surface chemical activity, due to a higher
defect density, which can result in a better corrosive behavior of the alloy [9,27].

To continue the group’s previous study, the purpose of the present research was
to evaluate the influence of ECAP (two and four passes) on the microstructure of the
Ti-25Sn-25Nb-3Nb alloy, as well as to investigate the correlation between the microstruc-
ture, the mechanical properties, and the corrosive behavior of the alloy to establish the
Ti25Ta25Nb3Sn alloy as a potential material for biomedical applications.

2. Materials and Methods

The Ti-25Ta-25Nb-3Sn experimental alloy was obtained from sheets of titanium (grade
2), tantalum (99.99%), niobium (99.99%), and tin (99.99%). The methodology used in the
processing was based on our previous studies with this alloy [14,17,18]. During melting,
ingots were melted and re-melted at least ten times due to the difference between the
melting point of these materials. The ingots were homogenized in a vacuum furnace at
950 ◦C for 24 h to eliminate any residual chemical segregation, and worked into bars with a
10 mm diameter via cold swaging. To stabilize the β phase, the bars were solution-treated in
a vacuum furnace at 900 ◦C for 2 h followed by water quenching. Warm ECAP was added
to the already studied processing route [14,17,18] to change the grain size of the alloy.

The bars were cut into 40 mm length samples and subjected to ECAP via route Bc at
773 K in an L-shaped split-die with an internal channel angle, Φ, of 90◦ and an outer arc of
curvature, Ψ, of 20.6◦, as shown on Figure 1. In this study, the samples were subjected to
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two and four ECAP passes. According to the literature, in order to produce a homogeneous
nanostructure, most materials need at least four ECAP passes [28–31]. After two passes,
longitudinal and cross-section samples were cut from the ECAPed billet, and after four
passes, samples were cut from the cross-section.
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Figure 1. (a) Die used for processing; (b) schematic representation of ECAP processing; (c) ingot after
ECAP processing (4 passes).

Microstructural analysis was carried out after ECAP using Scanning Electron Mi-
croscopy (SEM), Electron Backscatter Diffraction (EBSD), and X Ray Diffraction (XRD).
The samples were ground with sandpaper of grit sizes varying between 220 and 4000 and
polished with a solution composed of colloidal Silica and H2O2. The SEM imaging was
carried out using a Zeiss Supra 55VP FEG-SEM and performed at 20kV and 10 mm working
distance. The anisotropy and grain size of the alloy after ECAP were evaluated using EBSD
and XRD analysis. EBSD data collection was conducted in a Zeiss LEO 1530 FEG-SEM
equipped with an EBSD Detector in the same samples used for SEM. The acquisition was
performed at 20 kV, 10 mm working distance, a tilt angle of 70◦, and a scan step of 0.05 µm.
XRD data collection was carried out in a Brüker D8 Advance Eco X-Ray Diffractometer
with a Lynxeye XE-T ODC 1D detector, using 40 kV, 25 mA with a fixed time of 1.6 s, and a
step of 0.02◦.

Microhardness tests were carried out with the same samples which had been previ-
ously used for microstructural characterization. Vickers microhardness was measured with
a Shimadzu model HMV 2T microdurometer and conducted with a load of 1.961 N for 15 s.

Also, a study was conducted to evaluate the corrosive behavior of Ti-25Ta-25Nb-3Sn
alloy using open circuit potential (OCP) and potentiodynamic polarization tests. Three
alloy-processing conditions were analyzed: the Ti-25Ta-25Nb-3Sn alloy before ECAP, and
after ECAP technique with 2 (Ti-25Ta-25Nb-3Sn ECAP-2) and 4 (Ti-25Ta-25Nb-3Sn ECAP-
4) passes. In all cases analyzed, samples were taken from the cross-section of the ingot
produced. The tests were performed in a fluorinated physiological medium composed
of 0.15 M NaCl and 0.03 M NaF, at a temperature of 37 ◦C (±0.5 ◦C) and pH of 6.0. A
conventional three-electrode cell was employed containing a platinum electrode as the
counter electrode and a saturated calomel electrode (SCE) as the reference electrode. The
alloy discs with a diameter of 10 mm and thickness of 3 mm were used as the working
electrode, positioned on a sample holder with an exposed area of approximately 0.8 cm2.
OCP and potentiodynamic polarization measurements were performed in triplicate for
each condition analyzed. The tests were conducted in sequence: initially, OCP data were
collected for 10.8 ks after immersing the samples in the fluorinated solution. Then, poten-
tiodynamic polarization tests were initiated, with a potential range swept from −0.3 V
against OCP to +3.0 V, at a scan rate of 1 mV/s. The Tafel method was used to obtain the
corrosion potential (Ecorr) and corrosion current density (Jcorr), and the parameters were
obtained using the Tafel Extrapolation application available in OriginPro 2016 software



J. Manuf. Mater. Process. 2023, 7, 201 4 of 12

(OriginLab Corporation, Northampton, MA, USA). The passivation current density (Jp)
was also obtained.

3. Results and Discussion

According to the results of our group’s previous studies, the average grain size of the
β-phased Ti-25Ta-25Nb-3Sn alloy before ECAP processing is 700 µm [17].

The microstructure after two passes (Ti-25Ta-25Nb-3Sn ECAP-2) showed a distribution
of fine grains with elongated coarse grain areas, indicating the start of the grain refinement
process (Figure 2a,b). The cross-section microstructure of the Ti-25Ta-25Nb-3Sn after two
passes can be seen in Figure 2a, where a microstructure consisting of coarse and fine
grains is observed, with the red arrows indicating the distribution of fine grains and the
yellow arrows indicating the elongated coarse grains. Similarly, the longitudinal section
microstructure of the Ti-25Ta-25Nb-3Sn after two passes is shown in Figure 2b, with the
same indication of a fine-grained structure (red arrows) inside an elongated coarse grain
structure (yellow arrows) matching the distribution observed in the cross-section.

From EBSD maps (Figures 3a and 4a) it was possible to observe the same distribution
of fine grains inside the elongated coarse grain areas, as seen in the SEM images. The EBSD
map of the Ti-25Ta-25Nb-3Sn after two ECAP passes and the inverse pole figure of the
cross-section and the longitudinal section are shown in Figures 3 and 4, respectively. The
results obtained after two passes confirm the hypothesis that more ECAP passes are needed
to produce a homogeneous fine-grained microstructure.

After four ECAP passes (Ti-25Ta-25Nb-3Sn ECAP-4) the elongated coarse structure
is not present anymore; the SEM image of the cross-section microstructure can be seen
in Figure 5a and shows only a fine grain distribution, with an average grain diameter
of 395 nm (±143), although the grain refinement imposed by the ECAP process was not
enough to produce a homogeneous structure, as indicated by the high standard deviation
of average grain diameter. The change in the structure was confirmed by the EBSD map
of the cross-section, as can be seen in Figure 5b. According to the inverse pole figures,
the crystallographic orientation after two ECAP passes was distributed along the [111]
plane (Figures 3b and 4b), while after four ECAP passes, the crystallographic orientation
was distributed between the [101] and [001] planes (Figure 5c). Despite the insufficient
reduction in grain size, a reduction in the anisotropy can be observed due to the change
in the growth orientation. Similar results were observed by Gunderov et al. (2013) [28].
While studying the influence of the ECAP processing on the structure of commercially pure
Ti, the authors used a 120◦ die and a processing temperature of 200 ◦C; after four ECAP
passes, the average grain diameter was 300 nm but the structure was not homogeneous.
After eight ECAP passes, the average grain diameter was approximately 200 nm and
the authors observed a homogeneity on the structure. Polyakov et al. (2014) evaluated
the evolution of the microstructure of the Ti6Al4V after ECAP processing using a 120º
die, following the Bc route and with a processing temperature of 600 ◦C. The authors
observed that after four ECAP passes, the average grain diameter was reduced from 15 µm
to approximately 240 nm [29]. Terynková et al. (2018) studied the microstructure and
mechanical properties of the Ti15Mo alloy after ECAP processing using a 120◦ die and
250 ◦C processing temperature, observing an ultrafine-grained structure after four ECAP
passes; the EBSD showed that the twinning plane was [112] [30]. The microstructure
of the Ti13Nb13Zr after ECAP was investigated by Xu et al. (2023); the samples were
subjected to one ECAP pass using a 90◦ die, resulting in a structure with an average grain
size of 152.79 nm. The authors observed the formation of a martensitic α’ phase before
the ECAP processing, which partially decomposed into α and β phases during the ECAP
processing [32]. The formation of an ultrafine-grained structure was reported by Munir et al.
(2022) when studying the Ti28Nb35.4Zr alloy submitted to the ECAP processing, with an
increase of 23% in Vickers hardness from 244 to 299 HV [33]. Likewise, Valiev et al. (2020)
evaluated the structure and mechanical properties of NiTi with the shape memory effect
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processed by ECAP, and observed the formation of an ultrafine-grained structure with an
average grain size of about 200 nm [34].
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The constituent phases were investigated using XRD analysis, and the patterns are
shown in Figure 6. The thermomechanical characteristics of the ECAP processing have led
to the formation of a metastable α′′ phase during the first two passes. After four passes, the
structure was composed only of β phase, without the presence of α′′ phase, as can be seen
in Figure 6. The ECAP processing at 500ºC has presented sufficient heating and pressure
conditions for a tension-induced transformation. Bertrand et al. (2013) studied the β→ α′′

martensitic transformation on the Ti25Ta25Nb alloy using dynamic mechanical analysis
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(DMA) under heating and cooling conditions, the authors observed that during the heating
of the material, the martensitic transformation was facilitated [22].

J. Manuf. Mater. Process. 2023, 7, x FOR PEER REVIEW  7  of  12 
 

 

 

 

Figure 5. (a)SEM image of the Ti‐25Ta‐25Nb‐3Sn alloy after 4 ECAP passes and (b) EBSD map of the 

Ti‐25Ta‐25Nb‐3Sn alloy after 4 ECAP passes showing a fine‐grained area (c) the inverse pole figure 

of the same area. 

The constituent phases were investigated using XRD analysis, and the patterns are 

shown in Figure 6. The thermomechanical characteristics of the ECAP processing have led 

to the formation of a metastable α″ phase during the first two passes. After four passes, 

the structure was composed only of β phase, without the presence of α″ phase, as can be 

seen in Figure 6. The ECAP processing at 500ºC has presented sufficient heating and pres‐

sure conditions for a tension‐induced transformation. Bertrand et al. (2013) studied the β 

Figure 5. (a) SEM image of the Ti-25Ta-25Nb-3Sn alloy after 4 ECAP passes and (b) EBSD map of the
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Microhardness tests indicate a slight increase after four ECAP passes, from 193 HV
to 212 HV, which is related to the grain size reduction. The obtained results are shown in
Table 1.

Table 1. Microhardness measurements after ECAP Processing (2 and 4 passes).

Sample Microhardness (HV)

As fabricated 193 (3)
ECAP—2 Passes (cross-section) 201 (5)

ECAP—2 Passes (longitudinal section) 201 (4)
ECAP—4 Passes 212 (4)

Formatting of result mean (standard deviation).

The Ti-25Nb-25Ta alloy was previously studied by Seixas et al. (2016) who identified
the feasibility of its use in biomedical applications [14,17]. Recently, Silva et al. (2023)
verified the effects of adding 5%w of Sn, confirming better results for Ti-25Nb-25Ta-3Sn
alloy. In the present work, the alloys processed with ECAP were compared with the cast
alloy [18].

The OCP curves (Figure 7a) for the Ti-25Ta-25Nb-3Sn and after ECAP with two
passes (Ti-25Ta-25Nb-3Sn ECAP-2) presented a similar behavior without the stabilization
of the curves in the recorded range. Initially, the Ti-25Ta-25Nb-3Sn alloy curve showed
a short stabilization; however, from 2.5 ks, the registered potential showed a growth
ramp. The Ti-25Ta-25Nb-3Sn ECAP-2 material showed a more pronounced growth
ramp in relation to the control condition, indicating the formation of oxide layers on
the surface of the material during the tests and the high variability of the results. The
third group evaluated, Ti-25Ta-25Nb-3Sn ECAP-4, presented a greater stability and
homogeneity of results in relation to the other groups. Considering the potential at the
end of the test, the Ti-25Ta-25Nb-3Sn ECAP-2 group obtained the best result, followed
by the control group and Ti-25Ta-25Nb-3Sn ECAP-4. All groups recorded an open circuit
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potential more positive than that found for grade 2 titanium, indicating that both the
composition and the mechanical treatment employed, ECAP, resulted in an increase in
corrosion resistance.
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on Ti-25Ta-25Nb-3Sn alloy under three processing conditions: as-fabricated and after ECAP with
2 and 4 passes. (b) Potentiodynamic polarization curves obtained for samples of Ti-25Ta-25Nb-3Sn,
(c) Ti-25Ta-25Nb-3Sn ECAP-2, and (d) Ti-25Ta-25Nb-3Sn ECAP-4.

Potentiodynamic polarization tests were carried out for a more detailed characteri-
zation. The results indicated that the corrosion potential obtained for the three conditions
evaluated was close to the value found by the OCP tests, with slightly more positive
results. This means that the stabilization of the OCP curve was close to stabilization and
the interpretation of this parameter is the same as described earlier. The homogeneity
of the results is similar to that observed in OCP, being greater for the Ti-25Ta-25Nb-3Sn
ECAP-4 group and lower for the Ti-25Ta-25Nb-3Sn ECAP-2, as can be seen in Figure 7.

It was found that the corrosion density was lower for the Ti-25Ta-25Nb-3Sn ECAP-4
alloy, indicating the better performance of the oxide layer formed on its surface in protecting
the material from the action of the fluoride solution. In addition, the increase in the number
of passes in the ECAP process had a positive effect on the result, and in all analyzed cases,
the corrosion current density was lower than the value found in the literature for grade
2 titanium [19].

The Ti-25Ta-25Nb-3Sn ECAP-4 group presented the best results in relation to the
passivation corrosion density (Table 2). A breakdown of the passive layer and repassivation
of the material was observed between 1.5 V and 2.5 V (Figure 7d), a behavior similar to that
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observed for the Ti-25Ta-25Nb-3Sn alloy (Figure 7b), but with less intensity. The Ti-25Ta-
25Nb-3Sn ECAP-2 group showed a greater variation in passivation capacity (Figure 7c),
with the formation of a stable passive layer in one of the tests, breakdown, and repassivation
in another, and the absence of stabilization of the curve in relation to the current density in
a third test, indicating the formation of an unstable passive film.

Table 2. The corrosion parameters obtained for the Ti-25Ta-25Nb-3Sn alloy under three processing
conditions, including as-fabricated and after ECAP with 2 and 4 passes, were evaluated. The open-
circuit potential (OCP) and potentiodynamic polarization were performed in a fluoride-containing
physiological solution (0.15 M NaCl + 0.03 M NaF, pH = 6.0) at 37 ◦C. (*) Literature data [19] are
also included.

Sample EOC (mV) Ecorr (mV) Jcorr (nA·cm−2) Jp (µA·cm−2)

Ti25Ta25Nb3Sn −277 (64.4) −283 (60.4) 12.2 (1.8) 10.9 (1.9)
Ti25Ta25Nb3Sn ECAP-2 −178 (67.9) −206 (28.0) 6.7 (2.2) 14.5
Ti25Ta25Nb3Sn ECAP-4 −337 (14.4) −353 (4.0) 3.7 (1.1) 9.28 (0.5)

Ti (grade 02) * −383 * −376 * 37.4 * 28.0 *
Formatting of results mean (standard deviation).

Based on the results obtained in this research and comparing them with the lit-
erature [19], it was found that the alloy composition and the mechanical processing
applied resulted in an increase in corrosion resistance compared to grade 2 titanium.
The alloying elements, Ta and Nb, exhibit high corrosion resistance, superior to titanium
itself, contributing to the increased strength of the Ti-25Ta-25Nb-3Sn alloy [3,14,17,35,36].
On the other hand, Sn leads to the formation of a less stable oxide, acting against the
effect of Ta and Nb [19,23,35,36]. However, Sn promotes an increase in the ductility
of the alloy [1,25,26,35,36], which facilitates the ECAP process and, consequently, the
refinement of the microstructure [9]. The formation of nanosized grains results in an
increase in the chemical activity of the material due to the increase in grain boundary
density, causing an even faster formation of a stable oxide layer on the surface of the
alloy, increasing corrosion resistance, as observed in the Ti-25Ta-25Nb-3Sn alloy after
four passes of ECAP [37]. However, a minimum number of passes is necessary for
the formation of a homogeneous microstructure, which is reflected in the properties of
the alloy.

Therefore, the electrochemical tests carried out in this study indicate that the new
Ti25Ta235Nb3Sn alloy exhibits higher corrosion resistance than grade 2 titanium, which is
a material commonly used as a reference in the biomedical field. In addition, the ECAP
resulted in an increase in chemical stability. These results suggest a potential for application
in the biomedical field.

4. Conclusions

The Ti-25Ta-25Nb-3Sn alloy was subjected to ECAP processing to produce an ultrafine-
grained structure. After four passes, the microstructure had an average grain diameter of
395 nm, a reduction of about 50%; however, the microstructure was non-homogeneous,
which was reflected as a slight increase in the microhardness from 193 to 212 HV. The
grain size reduction had a positive outcome, as the corrosion resistance also demonstrated
an overall increase after ECAP processing, showing the best results in relation to the
passivation corrosion density and an increase in chemical stability. The results suggest that
the Ti-25Ta-25Nb-3Sn alloy after ECAP processing may have the potential to be used in
biomedical applications; however, the influence of more ECAP passes will be investigated
in future studies.
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