
Vol.:(0123456789)1 3

Applied Physics A (2021) 127:796 
https://doi.org/10.1007/s00339-021-04937-4

Study of the current density of the electrical resistance sintering 
technique on microstructural and mechanical properties in a β 
Ti‑Nb‑Sn ternary alloy

Mariana Correa Rossi1   · Eber de Santi Gouvêa1 · Montserrat Vicenta Haro Rodríguez1 · Margarida Juri Saeki2   · 
Angel Vicente Escuder1   · Vicente Amigó Borrás1 

Received: 10 June 2021 / Accepted: 16 September 2021 / Published online: 28 September 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract
Electrical resistance sintering is a fast method to fabricate metallic samples in the metallurgy field and was used to obtain 
the Ti-Nb-Sn alloy to be applied as a possible biomaterial. Powders were obtained by mechanical alloying and were then 
compacted at 193 MPa pressure for 700 ms at several electrical current densities (11, 12 and 13 kA). The structure and 
microstructure of both powders and samples were evaluated by X-ray diffraction, Field Emission Scanning Electron Micros-
copy and Electron Backscattered Diffraction. Mechanical properties were evaluated by a microhardness assay and corrosion 
resistance was performed in Ringer Hartmann’s solution at 37°C. Samples were structured in the α, α” and β phases. The 
content of the β phase in the samples obtained at 11, 12 and 13 kA was 96.56, 98.12 and 98.02%, respectively. The peripheral 
zone showed more microporosity than the central zone. The microstructure was also formed by equiaxial bcc-β grains, and 
the samples obtained at 12 kA presented better microstructure homogeneity. Grain size increased as electric current density 
rose. The microhardness values fell within the 389–418 HV range and lowered, while electric current density increased. 
Corrosion tests proved the alloys’ excellent corrosion resistance (0.24–0.45 µA/cm2). The standard deviations of the kinetic 
parameters of the samples at 11 and 13 kA were much higher in relation to lack of microstructure homogeneity.

Keywords  ERS · Mechanical alloying · β-Ti alloy · Corrosion resistance · Biomaterial

1  Introduction

Studies about metallic alloys based on titanium (Ti) for 
applications in orthopedics are a constantly developing field 
due to the inconveniences of commercial metallic prosthe-
ses that lead to long-term failure and to rejection by the 
body. The main features required to make these biomateri-
als successful are non-toxicity, good corrosion resistance 
and an elastic modulus close to bone tissue [1–3]. Metallic 
materials based on cobalt (Co), chromium (Cr), aluminum 
(Al), vanadium (V) and nickel (Ni) are known to exhibit 

allergenic and carcinogenic effects, as well as proven respir-
atory and neurological disorders [4, 5]. Corrosion resistance 
is closely linked with the chemical composition of these 
materials, such as the content of elements stabilizing the hcp 
(α phase) and bcc (β phase) crystalline structures, and the 
type of processing employed, which will interfere with their 
microstructure and morphology. Most employed materials 
have higher elastic modulus values than that of bone tissue, 
such as Co-Cr, Ti-6Al-4 V or Ti–CP alloys [6, 7]. This dif-
ference leads to adaptive bone resorption, which lasts for 
10 to 15 years, when the patient needs surgery to repair and 
replace the prosthesis [8]. This phenomenon arises due to 
the cushioning effect, whereby bone absorbs all the charge 
loaded on the prosthesis because its elastic modulus is larger. 
Bone is daily discouraged and its fragility intensifies around 
the implant, which means losing prosthesis stability, and 
these effects are not observed in the short-term. However, a 
prosthesis that requires bone healing, which will be inserted 
and left in the patient for life, tends to fail when faced 
with this problem. In order to repair such inconveniences, 
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Ti alloys based on niobium (Nb) and tin (Sn) have been 
studied as it is known Nb (β isomorphic stabilizer, space 
group: Im-3 m) and Sn (neutral element, space group: 141/
amd) are elements that do not present toxicity, and are good 
candidates for manufacturing Ti alloys with a lower elastic 
modulus [9] and good mechanical strength [10]. Based on a 
phase diagram of the Ti-Nb binary system [11], Nb exhibits 
complete solubility in Ti above 882 °C, which allows its 
influence on the entire range of Nb content in a system to be 
studied, and to also observe the modification of its properties 
by the diffusion process [11, 12]. At a lower temperature, it 
is possible to note two stable phases (α + β), but the rapid 
cooling of the phase β results in a structure composed of 
metastable phases. With the Ti-Nb system, this sudden cool-
ing results in the martensitic transformation of the β phase, 
which can result in the α’ or α” phases depending on Nb 
content [13]. The effects of Nb content on the mechanical 
properties of the Ti-Nb alloy and its relation to the β phase 
content were evaluated by Yahaya et al., 2016, by prepar-
ing these alloys by powder metallurgy (PM) [14]. Those 
authors found that up to 35% (wt%) of Nb, the alloy did not 
crystallize as the α phase. However, higher Nb contents, 
such as 45% (wt%), resulted in less mechanical resistance 
to compression despite a lower elastic modulus (13.46GPa). 
In general, the alloy with 35 (wt%) of Nb presented the most 
adequate characteristics regarding the microstructure and 
mechanical properties. In most works, Ti-Nb-Sn alloys were 
manufactured following spark plasma sintering (SPS) and 
conventional powder metallurgy (PM) to prepare them. Thus 
studies on the preparation of these materials by an electri-
cal resistance-based sintering technique (ERS) are lacking. 
The first patent for electric current sintering was registered 
in 1906 by Lux [15]. Some years later came Taylor’s [16] 
(in 1933) and Lenel’s studies [17] (in the 1950s), who 
called this technique electrical pressure resistance sintering 
(EPRS). In the 1970s and 1980s, the ERS technique received 
a new boost, mainly by Soviet and Japanese researchers [18, 
19]. Nowadays, the ERS technique is studied as an electrical 
field-assisted sintering technique (FAST) modality, which 
is the common name for the technique based on the electri-
cal consolidation of powder metallurgy (PM). During this 
long period, many FAST variants have been developed to be 
applied on an industrial scale as their overall ultimate goal 
[20–22]. The most popular FAST is the so-called SPS, in 
which low-wear (electrically conductive) graphite dies and 
punches are used to combine the application of alternating 
current and vacuum or argon for atmospheric control.

The ERS technique allows durable electrical insulation 
matrices to be utilized, and the process can take place in 
air with a typical cycle being completed in seconds or mil-
liseconds. In addition, the required equipment can be easily 
adapted from the well-known resistance welding technology, 
a well-tested technology.

Among the advantages of ERS compared to conven-
tional PM we find the use of relatively low pressures (about 
100 MPa) to obtain the final material with very high density, 
extraordinarily short processing times (about 1 s or less) 
and the possibility of operating in air without the need for a 
controlled atmosphere [23, 24]. The main disadvantages of 
the ERS technique arise from operational difficulties (incom-
plete knowledge of parameters and how certain parameters 
influence the process) and non-homogenous temperature 
distribution in the powder mass [25]. Recent studies have 
shown excellent results of the mechanical (low elastic mod-
ulus and mechanical resistance close to bone tissue) and 
biological (non-cytotoxicity and induction of osteogenic 
differentiation) compatibility of TiNbSn (34 wt% Nb and 
6wt% Sn). [26, 27], and in comparison with TiNbSn alloys 
with different compositions, such as Ti-30Nb-xSn (x = 4 and 
5 wt%) and Ti-25Nb-11Sn [28–30].

Li et al., 2019 observed increasing Nb content, and how 
the α’’ martensite phase decreased, which is unfavorable 
in Ti alloys [31]. In the same work, the obtained hardness 
values fell within the 218–230HV range depending on Nb 
content. It is noteworthy that the composition did not exceed 
20 wt% Nb, and Sn content was set at 5 wt%. The same 
work also confirmed that employing low Sn contents (up 
to 10wt%) also reduced the formation of the α’’ martensite 
phase [32, 33]. The main obstacles brought about by the 
presence of the α’’ martensite phase was the reduced volu-
metric fraction of the β phase, which also had a negative 
effect on the alloy’s superelastic and ductility properties 
[34]. Indeed 34 wt% Nb and 6 wt% Sn were chosen to obtain 
an alloy with higher β phase levels, which came close to the 
physical and mechanical parameters of bone tissue, besides 
being explored by our research group in other published 
works. In order to increase knowledge about the ERS pro-
cess in preparing β-Ti alloys, a study was carried out on the 
influence of electric current on the microstructural, physical, 
mechanical and electrochemical properties of the promising 
Ti-34Nb-6Sn alloy for its use as a medical implant.

2 � Materials and methods

2.1 � Powders preparation

The elemental powders of Ti (99.9%), Nb (99.8%) and Sn 
(99.8%) were purchased from Atlantic Equipment Engineers, 
with particle sizes of around 30, 16 and 17 µm, respectively. 
They were weighed to obtain alloys with 34 (wt%) Nb and 
6 (wt%) Sn in a glove box to minimize oxygen and nitrogen 
contamination.

Then they were mixed with a process control agent 
(PCA), NaCl (in powder), whose amount was 1.5 (wt%) 
in relation to the total mass of powders. The use of NaCl 



Study of the current density of the electrical resistance sintering technique on microstructural…

1 3

Page 3 of 19  796

as PCA was to avoid an excessive cold-welding effect 
during high-energy milling, which has an active surface, 
and contributes to obtain the nanocrystalline microstruc-
ture. The mixture was made for 30 min in a tumbler mixer 
(Inversina 2L-Bioengineering AG) at 90 rpm, followed 
by a 72-h milling process to promote mechanical alloy-
ing. The milling process was carried out at room tempera-
ture in a high-energy mill (Retsch- PM 400/2) for 72 h at 
240 rpm, interspersed with 10 s of rest for every 8 min of 
milling break. Before starting the process, the steel vessel 
was purged by argon 4 times. The employed ratio of steel 
balls (5 mm radius) to the powder mass was 10:1.

2.2 � Synthesis via ERS

Specimen consolidation was carried out by the ERS tech-
nique in equipment developed as part of the EU funded 
EFFIPRO project (Fig. 1), used in collaboration with the 
AMES Company (Barcelona-ES). Materials were pro-
duced in a cylindrical matrix (diameter of 2.2 cm, thick-
ness of 0.55 cm).

In order to obtain samples with these dimensions, the 
alloy’s density (ρTi34Nb6Sn = 5.52 g/cm3) was taken into 
account to calculate the powder mass according to Eq. 1 
below.

where C is the concentration of the element (wt %) and ρ 
is the specific density of the element, expressed as g/cm3.

The mixture powder was placed in a silicon nitride die 
between two tungsten-copper electrodes [35] and com-
pacted at 193 MPa pressure. The current intensities tested 
for consolidation were 11, 12 and 13 kA for a sintering 
time of 700 ms.
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2.3 � Phase/chemical and microstructural 
characterization

For the characterization and evolution of the current phases, 
as well as the lattice parameters of powders, X-ray diffrac-
tion (XRD) was applied (Bruker/D2Phaser). Cu Kα radiation 
(λ = 1.541 Å) was used, which works at 30 kV and 10 mA. 
The XRD measurement was taken within the 20–90 deg 
range with a 0.02º step every 10 s. Structure refinement 
and the quantitative phase analysis were carried out by the 
free MAUD software (version 2.94). Phases and diffraction 
planes were analyzed by comparing the d value of each peak 
of the diffraction pattern from those of the Inorganic Crystal 
Structure Database (ICSD). In addition, crystallite size and 
the induced micro-strain in the Ti lattice were calculated 
from the peak broadening and peak positioning of the X-ray 
diffraction pattern of the milled powder and the sintered 
samples according to the Williamson-Hall equation [36].

where β = dull width at half maximum, k = shape factor 
generally taken as 0.9 [37], λ = wave length of the radia-
tion used in XRD, ϴ = Bragg’s angle, D = crystalline size 
and ε = induced strain in the lattice. The graph was plotted 
between 4 sin ϴ and β*cosϴ for the selected peaks of the 
powder sample along the x-axis and the y-axis, respectively. 
A best fitted linear curve was drawn for the different Ti 
peaks. Refinement quality was calculated by the weighted-
profile R value (Rwp), which can be described as:

where ωi is a weight associated with each Υoi observed inten-
sity and Υci is the corresponding calculated intensity.

Particle size distribution was measured in a particle size 
analyzer by laser scattering (Mastersizer 2000-Malvern 
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Fig. 1   Detailed diagram of the 
ERS process for the obtained 
samples
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Instruments). Distilled water was used to disperse powders. 
The LECO TCH600 series equipment with an inert gas 
fusion analyzer was used to evaluate oxygen and nitrogen 
contamination.

The microstructure of powders after the MA process and 
of the sintered powders was characterized by Field Emis-
sion Scanning Electron Microscopy (FE-SEM) (ZEISS-
ULTRA 55) with backscattered electrons (BSE), secondary 
electrons (SE) and X-ray energy dispersive detectors (EDS) 
(Oxford Instruments Ltd.). To more precisely characterize 
the microstructure, as with the grains and the phase quanti-
fications, electron backscattered diffraction (EBSD) with a 
scanning electron microscope (Zeiss-ULTRA 55 operating 
at 20 kV) equipped with an Aztec HKL Max System (Oxford 
Instruments Ltd.) was applied at an acceleration voltage of 
20 kV with a 0.1 µm step size by selecting the three possi-
ble phases to be analyzed: β-Ti, α-Ti and α”-martensite. For 
powders, they were embedded in resin and metallographi-
cally prepared from cross section to analyze particle size, the 
homogeneity of the Ti, Nb and Sn elements and evolution 
microstructure.

2.4 � Microhardness test

Vickers microhardness tester (HMV-SHIMADZU) was used 
to evaluate the samples consolidated by ERS. To measure 
microhardness, 12 indents were made on the surface of each 
sample by applying 490.3 mN (HV 0.05) for 12 s. For each 
indent, a distance of 50 µm was employed. Data were repre-
sented as mean ± standard deviation.

2.5 � Corrosion resistance in Ringer Hartmann’s 
solution

Corrosion behavior was studied by measuring the open 
circuit potential (OCP) for 35 min and the potentiody-
namic polarization assay after that time in a potentiostat/
galvanostat 144 (Metrohm potentiostat-PGSTAT204) on a 
surface measuring 0.785 cm2 using a conventional three-
electrode cell in Ringer Hartmann’s solution (6 < pH < 7) 
(NaCl 5.7 g/L, KCl 0.358 g/L, CaCl2 0.221 g/L, lactate 
4.956 g/L) at 37 °C. The Ag/AgCl electrode was taken as 
the reference electrode and the Pt thread as the auxiliary one. 
All the potential values were expressed in relation to this 
reference electrode hereinafter, and the current density was 
normalized by the geometric area. The electrochemical tests 
consisted of OCP measurements (for 35 min) and polari-
zation from OCP at the 2 mV/s scan rate. The corrosion 
parameters, such as Tafel slopes (ba and bc) in the region of 
the cathodic and anodic process domains, corrosion potential 
(Ecorr) and corrosion current (Icorr), were determined by the 
Wolfram Mathematica 12.1 software. The Electrochemi-
cal Impedance Spectroscopy (EIS) technique was followed 

within the 100 kHz–5 mHz frequency range with a sinusoi-
dal amplitude wave of 0.01 V on Eocp. For OCP, potentiody-
namic polarization curves and EIS data were acquired during 
three experiments. Data were represented as mean ± standard 
deviation.

3 � Results and discussion

For the particle size analysis (shown in Table 1), the mix-
ture showed a reasonably decreased particle size after the 
milling process by mechanical alloying (MA), with a simi-
lar obtained average as the initial size of Nb and Sn, but 
smaller than the initial Ti particles. The maximum particle 
size found was bigger than the initial size of the three ele-
ments (Ti, Nb, Sn), approximately 171 µm. It is known for 
certain that the MA process promotes not only a significant 
reduction particle size over time, but also their agglomera-
tion due to the further interaction of the surface owing to 
a reduction in size. Another factor that contributes to the 
agglomeration process is the cold-welding effect, as well 
as the increase in temperature during the constant impacts 
of the balls and friction between balls and powders. PCA 
tends to diminish these effects. However, when employing 
this agent, the cold-welding process was difficult to control 
given the long milling time.

Partly due to the long milling time and the stronger 
impact of powders owing to shocks in vessel balls, agglom-
erated powders can contribute to decrease porosity to obtain 
higher density. A longer milling period can promote mor-
phological changes in particles, which results in the crea-
tion of more spherical particles, which are more suitable for 
compaction and the sintering process.

The XRD pattern shown in Fig. 2 reveals that 72-h mill-
ing resulted in a material that was structured in two phases, 
namely: the α phase, represented by the compact hexago-
nal (hcp) structure, formed by a small peak that appeared 
around 35°, characterized by the plane (100)α; the β phase, 
represented by the body-centered cubic (bcc) structure. The 
milling process promoted almost 80% β phase formation 
(Table 2) due to the allotropic transformation achieved dur-
ing MA by the diffusion of the Nb atoms in the Ti lattice. 

Table 1   Particle size obtained after the MA process of Ti, Nb and Sn 
by laser scattering

Particle size Minimum (µm) Maximum (µm) Average (µm)

Ti 11.06 29.23 55.93
Nb 2.53 15.94 45.00
Sn 6.19 16.94 52.32
Milled Powder 

72 h
1.86 171.47 19.12
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The α phase was present at approximately 22 wt%. The qual-
ity of the performed refinement, obtained by the weighted-
profile R value (Rwp), was satisfactory (< 10%). O2 and 
N2 contents were evaluated after the milling process (see 
Table 3). The oxygen content values were reasonable for a 
long milling time compared to the Ti-Nb-based alloys within 
the 1.0–2.5 at% range [38, 39].

In Fig. 3, which refers to the cross section of powders, it 
is possible to note that after 72 h of milling, the Ti-34Nb-
6Sn structure presented a small amount of typical micro-
structural composite particles represented by the white 
board, where the clearest contrast was found due to the 
presence of elements with a bigger atomic number, in this 
case Nb (Z = 41), and the darkest contrast indicates the 
zones richest in Ti. No isolated elemental particles (e.g., 

Ti, Nb or Ti) were found. This revealed the good homo-
geneity and uniformity of the formed microstructure. The 
applied milling time promoted good powder cracking, and 
decreased the surface area of an element’s concentration.

We can clearly observe two distinct regions in the 
microstructure of the material after the milling process 
in Fig. 4a. Homogeneity of particles (Fig. 4b) is indicated 
by the map, with a good distribution of the three elements 
(Ti, Nb and Sn). These structures with suitable uniformity 
resemble a plate, which consists of a fine homogeneous 
distribution of the solute’s components in the Ti matrix. 
The other region shows the presence of zones enriched by 
Nb and Ti, which did not react during the milling time, 
but remained trapped in the microstructure and in smaller 
amounts. From the EDS analysis (Fig. 4c), the compo-
nents presented a percentage that came reasonably close 
to the compositional values. The second peak in Fig. 4c is 
represented by the carbon detected due to the resin used 
to embed samples.

In this case, Sn presents 4% more content than that added. 
This characteristic may be due to this element’s low homo-
geneity in the regions presented by the map (in green). How-
ever, the MA process generally promoted good microstruc-
ture homogeneity during the applied milling time.

The XRD profile of materials sintered by ERS at an 
electrical current density of 11, 12 and 13 kA are shown 
in Fig. 5. They were compared to the XRD profile powders 
after MA on the same scale. The XRD patterns were formed 
by peaks related to the α” martensite and β phases in all the 
samples. α” presented a smaller elastic modulus than the 
hexagonal α phase [41], which is interesting for orthope-
dic applications, but could significantly reduce mechanical 
strength. In Fig. 5a, the typical microstructure obtained by 

Fig. 2   The XRD pattern of powders after 72 h of MA

Table 2   Quantification of the phases present after the MA process 
obtained by structural refinement. The spectra Rietveld refinement 
analysis was performed by MAUD [40]. For phase identification, 
Powder Diffraction Files (PDF) entries 44–1294 and 44–1288 of 
the α phase and the β phase were, respectively, used. The PDF file 
of Tetragonal system of Sn (86–2264) was also employed to identify 
possible Sn peaks in the powder pattern. In order to obtain good qual-
ity structural refinement (RWP < 10%), each sample underwent five 
refinements by decreasing the background, in addition to changing 
the isotropic values to obtain a better fit. The RWP was calculated 
according to Eq. 3

Rwp (%) α phase (%) β phase (%)

5.8 22.1 ± 0.0 77.9 ± 5.8

Table 3   The O and N contents in powders after the MA process

Milled Powder O (%) N (%)

Ti-34Nb-6Sn 1.09 ± 0.04 0.216 ± 0.08

Fig. 3   SEM-backscattered electrons image of the cross section of 
powders after the 72-h milling process. White boards indicate typical 
microstructural composite particles
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the EBSD evaluation denotes the slight presence of Ti-α 
(represented in blue), which could not be identified by XRD.

Among the alloy’s component elements, Nb was present 
in a higher proportion compared to Sn. Nb had a higher 
melting point (2468 °C) than Sn (231.97 °C) and, thus, the 
diffusion rate was lower compared to Sn. Due to the low 
diffusion rate, homogeneity was also smaller and created 
areas rich in Ti which, in turn, became the α” phase dur-
ing the sintering process via ERS. Obtaining samples with 
an electrical current density at 11 kA promoted greater α” 
phase formation, where peaks were more intense (Fig. 5a). 
This fact proved the resistance of Nb as a refractory ele-
ment in the Ti matrix, accompanied by low system energy 
for the applied electrical current. The system’s energy was 
lower than 12 kA and 13 kA to ensure sufficient diffusion 
and, thus, promoted α” phase formation, as evidenced by the 
higher peak intensity. When increasing the electrical cur-
rent intensity, the peaks related to the α” phase decreased. 
Greater β phase stabilization could cause the transformation 
into β’ instead of α”. However, the presence of the ɷ phase, 
by its nanometric size, would have to be observed in TEM 
because it is cannot be observed in XRD. No significant dif-
ferences were found when comparing the XRD profile of the 
samples at 12 kA and 13 kA. A difference appeared between 
the patterns of samples obtained by ERS and powders after 
the A process. The main differences from powders’ XRD 
pattern were the unique presence of the phase β, as well 
as mostly Ti-β and the possible Nb particles that presented 
the lattice parameters close to Ti-β, which made it difficult 
to distinguish them. However, there were no Nb particles 

in powders’ microstructure which, thus, discarded the pres-
ence of this undissolved element. Another significant dif-
ference was the widening of the Ti-β phase peaks related to 
the (110), (200) and (211) planes present in powders’ XRD 
profile. The larger peaks and their electrical lower intensities 
were due to the applied milling time, the good refinement of 
the Nb grains and the micro-deformation inside these grains 
[42]. According to Fecht, grain refinement and micro-defor-
mation increase during the milling process [43]. Besides, 
particles are increasingly refined when the milling time is 
prolonged. In the work of Zhang et al., 2018, the effect of 
milling Nb, Ti and silicon powders was evaluated at 2, 5, 
10, 20 and 40 h. After 20 h, peaks became wider and less 
intense [44]. The similar results in Fig. 4 can be confirmed 
by the wider and less intense peaks of the milled powders 
compared to the sintered samples.

Mechanical milling performed for significantly long 
times increased beyond the local deformations in the shear 
strips with high displacement densities at the beginning of 
the refinement process. Grains are created when combining 
these displacements to one another, which limits low angle 
formation [45]. These slight limits of the formed grains were 
transformed into grain limits at a higher angle to produce 
more refinement particles. In addition, micro-deformation 
increased while pressing balls during MA, along with parti-
cles, and continuously collided, while irreversible deforma-
tions increased and led to micro-deformation.

Figure 5b shows more details of the largest widening β 
phase peak, represented by the (110) plane in the powder 
pattern. The increase in the employed electrical current 

Fig. 4   a SEM-backscattered 
electrons image of the cross 
section of powders after the 
72-h milling process. b The 
micrograph merge of the Ti, Nb 
and Sn maps. c The SEM–EDS 
analysis of the milled powders 
after 72 h
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density narrowed the widening peak, while peak intensity 
increased. The main reason for peak widening was the 
accumulation of the defects in the lattice that were pro-
duced during the milling process [46], such as displace-
ments and point defects, which promoted the vacant site 
formation in the crystalline lattice or the compression of 
an atom present at an interstitial site in the crystalline lat-
tice. Figure 4b also shows a displacement of the sample 
peaks at 11 kA and 13 kA at intenser angles. The peak 
related to the sample prepared at 12 kA promoted displace-
ment at lower angles.

This effect can be explained by variation in the distances 
d from the plane of the crystallographic lattice. For values of 
(2θ)final < (2θ)initial, which correspond to the peak related to 
the sample obtained at 12 kA (2θ ≅ 38.5 ), the d values rose 
during sintering according to the Bragg equation

Table 4 depicts the obtained parameters of the linear 
fit of powders after the 72-h milling time and the samples 
sintered by ERS. Figure 6a-d show the best fitted linear 
plots between the milled powders and the samples sintered 
at 11, 12 and 13 kA, respectively. Crystallites size (D) was 
calculated from the intercept cut on the y-axis (represented 
by βcosθ), while the lattice strain (ε) was determined by 
the slope of the fitted straight line with the Williamson-
Hall equation [37]. In order to compare the evolution of 
crystallite size and residual stresses after material consoli-
dation by ERS, the average grain size was estimated with 
the half height width of the Ti (110)β plane peak and the 
Scherrer equation [47].

(4)(2dsin(theta) = �n)

Fig. 5   Structural study in the 
central zone of samples. a The 
XRD pattern of powders after 
72 h of MA and the EBSD 
contrast phase micrographs in 
samples’ central zone; b Bragg 
reflections. Profiles of the peak 
of the β phase represented by 
the (110) plane of the milled 
Ti-34Nb-6Sn sintered at 11, 12 
and 13 kA by ERS
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where k is the shape factor (0.8–1.2), ƛ is the X-ray wave-
length, FWHM is the full width at half maximum (in radi-
ans) and θ is Bragg’s angle.

The level of deformation undergone by the lattice was 
evaluated after analyzing the corresponding crystallite size 
and residual micro-strains, as indicated in Table 5. In the 
present study, crystallite size increased significantly after the 
consolidation process of the Ti-34Nb-6Sn alloy compared 
to the initial value obtained during MA. The dominating 
deformation mechanism during the ball-milling process was 
the formation of shear bands, with marked dislocations den-
sity due to the constant impact associated with the powder 
particles on balls, as already discussed. After the long mill-
ing time, sub-grain fragmentation occurred from the region 
where the unstrained shear band was present in the previous 
material. Due to grain cracking, the degree of randomness 

(5)L =
k�

FWHMcos (�)

Table 4   Parameters obtained from the multiple peaks fit analysis

Samples FWHM = β Height

Powders obtained by MA 1.11 2438
1.51 126
1.68 321

11kA 0.46 613
0.42 517
0.36 490

12kA 0.29 12,856
0.36 1252
0.40 1966

13kA 0.42 1413
0.44 1711
0.50 690

Fig. 6   Linear fit plot for the milling and sintering of the Ti34Nb-6Sn 
alloy. a Linear fit plot of the powders milled for 72 h; b linear fit plot 
of the Ti-34Nb-6Sn consolidated by ERS at 11 kA; c Linear fit plot of 

Ti-34Nb-6Sn consolidated by ERS at 12 kA; d linear fit of Ti-34Nb-
6Sn consolidated by ERS at 13kA
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of sub-grain orientation increased. Grain size reduction 
occurred until the complete random orientation of the 
obtained sub-grains was accomplished [48], as confirmed 
by the results in Tables 1, 2, 3, 4 and 5. Besides, the results 
obtained from parameters ε and D confirmed the widening 
and small peak intensities of the powder XRD profile, as 
discussed above. The diffusion of elements in the solid state 
is responsible for phase development. Both Nb and Sn were 
dissolved in Ti to form a supersaturated solid solution. As 
the mechanical milling of the pure Nb, Sn and Ti powders 
only led to peak widening, peak shifting can be ascribed to 
a drop in the lattice parameter of Ti owing to the diffusion of 
Nb and Sn, which would help the solid solution to develop. 
This meant that significant solid solubility was achieved only 
by a mechanical alloying process and all the peaks’ intensity 
decreased compared to the sintered ones. This phenomenon 
occurred because of the increased strain imputed in the pow-
der particles’ structure. The average grain size substantially 
reduced from 51.08 µm (precursor powders) to 19.12 µm 
(milled powders). The particle size influence decreased on 
the crystallite size, as confirmed by the results indicated in 
Table 5, where the crystallite size after the MA process was 
significantly small compared to the sintered ones.

The sintering temperature evidently contributed to the 
significant increase in crystallite size under all the condi-
tions. For the lower electrical current density (11 kA) con-
dition, there is evidence for it promoting more defects in 
the microstructure [49] as the crystallite size is significantly 
bigger for this condition, which decreased with increasing 
electrical current density. Likewise, the samples sintered at 
11 kA and 12 kA showed a decreasing trend in the lattice 
strain compared to the milled powders sample. However at 
an electrical current density of 13 kA, the value once again 
rose and came close to that obtained after the milling pro-
cess. There was a high level of material transfer and the dif-
fusion process was more accelerated by being induced by the 
higher electrical current density applied upon consolidation 
than the others. In this way, the creation of plasma between 
particles could contribute to the material’s fast consolida-
tion, along with the Joule effect and plastic deformation as 
a result of the compaction in the ERS technique. Accord-
ing to Singh et al., 2018, a high concentration of defects 

occurs during the densification of samples by rapid heating, 
associated with rapid particle deformation [50]. This defect 
formation is assisted by the employed high electrical current, 
which is essential for generating heat. Kim et al., 2014 and 
Besson and Abouaf found that this defect, which is induced 
by deformation, was responsible for dynamic grain growth 
[51, 52].

Some researchers have reported that at a higher heating 
rate, the diffusion process of grain contours is driven by sub-
stantial stresses (inversely proportional to the pore curvature 
radius) because diffusion on the surface does not last long 
enough to "smooth" pore surfaces [53]. Pore size signifi-
cantly decreases at the same time due to densification, which 
prevents them from exerting the fixation effect. For grain 
growth to occur, the sintering time must be long enough 
than this critical point. For high heating rates, however, grain 
growth slows down due to shorter processing times. In the 
present work, the heating time was constant and only the 
current density was varied. However, densification and dif-
fusion mechanisms are the same because, with an increasing 
electrical current density, the system’s energy increases and, 
consequently, heating temperature rises. Thus even at the 
high temperature provided by the increased electrical current 
density, the time was not long enough to promote a bigger 
crystal size, but promoted a 17% decrease.

The powders prepared by MA after 72 h were consoli-
dated by ERS. During the first sintering, an electric current 
density of 11 kA was applied, as represented by Fig. 7a-c. 
The current promoted an advance in alloy consolidation. In 
the peripheral region, the material was poorly sintered, as 
confirmed by the presence of microporosities in the micro-
structure (Fig. 7a). In these regions, heat distribution was 
less because the presence of the zone enriched by the solute 
(Nb), which was not only diffused in the Ti matrix, was still 
noticeable (Fig. 7b). By the line analysis (Fig. 7c), lack of 
uniformity in the material’s peripheral region was confirmed. 
The Sn element seemed well-dissolved in the Ti matrix 
due to its curve presenting linearity. Nb intensity abruptly 
increased upon entering the brightest contrast regions. This 
abrupt transition between elements indicated their transient 
diffusion, some of which approximately reached 2.5 µm as 
a result of lack of heat obtained by the system.

Figure 8a shows the low sintering process in the periph-
eral region persisting at 12 kA (Fig. 8b) due to the presence 
of not only microporosities, but also of zones enriched by the 
solute. However, the material’s uniformity improved, with 
fewer regions in which particles remained completely unre-
acted. When looking at the places in the material’s center 
(Fig. 8c), practically no solute particles were found, which 
indicates that heat distribution was more efficient for alloy 
consolidation.

As in Figs. 7 and 8, Fig. 9a-c indicate that the 13 kA elec-
trical current also promoted microporosity, possibly due to 

Table 5   Variation in the crystallite size (D) and lattice strain (ε) for 
the Ti-34Nb-6Sn milled powders and the sintered samples by ERS

Samples ε (% Strain) D (crystal-
lite size, 
nm)

Powders obtained by MA 5.5 16.51
11kA 3.0 274.02
12kA 3.2 183.40
13kA 5.3 152.37
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slight sintering in more distant regions from the material’s 
central zone (Fig. 9a-b) compared to the other two condi-
tions. In the central zone, as in other cases, practically all 
the material melted (Fig. 9c). Nano-pores were present in 
the central zone (more melted region). The marked presence 
of nano-pores is related and resulted from the fusion and 
blocking of the gas escape during solidification by sealing 
the surface, caused by increased electrical current density.

Orientation maps were colored in color scales from vari-
ations in the RGB (red, green and blue) scale, in relation to 
the z-axis, then analyzed using Inverse Pole Figures (IPFs) 
and Pole Figures (PFs) images. Figure 10 IPFs maps, shown 
color codes related to specific orientations: red, green and 
blue representing the family of planes {101}, {111} and 
{001}, (only the β phase indexed), respectively, parallel to 
the x–y surface.

Density distributions were expressed as multiple unit 
density (MUD) with each section having a specific scale. 
The IPF-Z maps showed a gradual decrease in MUD from 
the plane (101). For grains (001) the value increased under 
all conditions. However, the grains (111) varied the MUD 
intensities, from 1.46 (maximum value), in samples obtained 
at 11kA, going to minimum values of 0.42 and increasing 
again.

The EBSD images in Fig. 11a-c represent the distri-
bution of the grains that formed after Ti-34Nb-6Sn alloy 
consolidation by ERS of the central regions. Images were 
obtained by the cross section of the metallographically 
prepared materials. In Fig. 11a, the consolidated alloy with 
an electrical current intensity of 11 kA presents a micro-
structure with colonies of equiaxial bcc-β grains of a solid 
Ti solution (Nb, Sn) with an equivalent circle diameter 
(ECD) of 0.75 µm ± 0.36 µm. Grains also displays good 
homogeneity, appear to be fine and uniform, surround-
ing high angle boundaries (θ > 15º) and large number of 
sub-grains separating each other by low angle boundaries 
(θ < 15º) in their interior also can be seen. By increas-
ing the electrical current intensity to 12 kA, the predomi-
nance of β grains was once again noted, with an ECD of 
1.01 µm ± 0.55 µm (Fig. 9b). The 12 kA intensity pro-
moted both grain growth and decreased size homogeneity 
and grow up to reach nearly spherical shape. The propor-
tion of well-defined equiaxed grains increased, along with 
an increase of the average grain size as compared to the 
first one. This effect agrees with the data obtained by Kim 
et al., 2014, and by Besson and Abouaf, about dynamic 
grain growth, as discussed above. The grains morphology 
in Fig. 11a and b basically differs in terms of the size of 

Fig. 7   SEM-backscattered electrons images of the Ti-34Nb-6Sn consolidated by ERS at 11 kA. a Image of the peripheral region indicating 
slight sintering; b details obtained from a poorly sintered area; c analysis by the scanline of the poorly sintered region
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the formed colonies. Figure 11c indicates the microstruc-
ture of the material sintered at 13 kA with a significant 
variation in the size of β grains due to the presence of 
two populations of β phase grains dispersed in the volume 
of the sample. The first one consists in fine grains with 
an average grain size of around 10 µm, and it constitutes 
the “shell” of the harmonic structure. The other one is 
made of coarse grains and a maximum of about 166 µm 
with an ECD of 28.14 ± 26.86 µm. These coarse grains are 
formed in the core of the powder particles, where no plas-
tic deformation was produced by the thermally activated 
process stage. It constitutes the “core” of the harmonic 
structure. The presence of fine β grains is clearly observed 
on the close-up views of figure outlined by a black dot-
ted line. The shell region may also be separated into the 
outer-consisted of micron-wide β grains and inner shell 
consisted of grains of nanometers wide. This difference 
in both microstructure size and homogeneity is associated 
with grain growth by the high available energy, ensured 
by the current density. It is clear that the microstructure 
became less uniform when increasing the electrical cur-
rent intensity to 13 kA. However, recent works reported, 
the harmonic-structured materials may exhibit high work 
hardening that extends to higher strain regions, leading to 

delay in the initiation of plastic instability. Consequently, 
a good combination of high strength and high ductility can 
be achieved [54, 55].

The microstructures developed in the first and second 
consolidation were formed by dynamic equilibrium sub-
grain structures. Furthermore, a distinct feature of the first 
two microstructures compared to the third one is the forma-
tion of significant deformation/orientation gradients, which 
delimited the strain bands, caused by high temperatures. 
This implies that along with the thermally activated pro-
cess, during electrical resistance sintering, some athermic 
processes mechanically induced by the heat available in the 
system can play an important role in structural changes dur-
ing high temperatures. Increasing current density, the strain 
of the net and grains increased, providing fragmentation and 
refinement of the grain structure in the alloy.

To study and compare the textures of the three different 
processing parameters employed, the orientation density 
from the crystal planes of β phase was also presented in the 
form of pole figures (Fig. 12a-c). As the same way in IPF-Z 
maps, the intensities were visualized in terms of contours 
and colors and expressed as MUD. There was a difference in 
color contours in the pole figures of (100), (110) and (111) 
planes. The maximum MUD value increased gradually 

Fig. 8   SEM-backscattered electrons images of the Ti-34Nb-6Sn con-
solidated by ERS at 12 kA. a Image of the peripheral region indicat-
ing slight sintering; b details obtained from an intermediate zone 

between the peripheral and central regions; c details obtained from 
the central region
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with the increase of process parameter. There some concen-
trations in the (100) plane for all three samples, but more 
evident for (100) plane for the sample obtained at 13kA 
(Fig. 12c).

The concentration of the MUD value in specific loca-
tions planes indicates that there was a more significant grain 

rotation, caused by the thermally activated process in a short 
period of time (700 ms).

Deformation of a polycrystal occurs when an exter-
nal stress is supplied to the polycrystalline system, and it 
is transmitted to individual grains, causing “hardening”, 
change their shape and orientation (as discussed based on 
Fig. 11), thereby interacting with neighbors and creating 
local stress that need to be accommodate [56]. Metals under 
bcc structure have 12 variants of slipping system [56] and 
the most common deformation mode is {110} < 111 > slip, 
which is a transposition of slip plane and slip direc-
tion. Also, bcc metals slip on other planes than {110} 
in the < 111 > direction [57] such as {112} < 111 > and 
{123} < 111 > [58]. Generally, the most preferred orienta-
tions in cold rolled bcc metals consists of two types. The 
first one is represented by {100} < 110 > or its rotations 
around < 110 > axis, resulting in {hkl} < 110 > . The other 
is represented by {111} < 112 > or its orientations around 
surface normal axis, resulting in {hkl} < uvw > [58].

Table 6 indicates the phase contents obtained by the 
EBSD analysis with predominant β phase formation above 
95% for all the conditions. During sintering at 11 kA, the 
β phase percentage was lower than at 12 kA and 13 kA. 
Under this condition, there were more pixels without 

Fig. 9   SEM-backscattered electrons images of the Ti-34Nb-6Sn con-
solidated by ERS at 13 kA. a Image of the peripheral region indicat-
ing slight sintering; b details obtained from an intermediate zone 

between the peripheral and central regions; c details obtained from 
the central region

Fig. 10   β-bcc planes and their depiction in IPF key
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indexing, as evidenced by the decrease in the small amount 
of the α phase, as determined by the smaller amount of 
residual Ti. For the β phase at 12 kA, a 1.6% increase 
occurred in relation to the lower employed electrical cur-
rent intensity. The β phase at 13 kA was higher (around 
5%) compared to the samples obtained at 11 kA. The β 
phase content also confirmed the microstructure shown in 
Fig. 9, which was predominantly formed by bcc-β equi-
axed grains. It is also noted that by increasing the electri-
cal current intensity, the α” martensite phase decreased, 
as did the α-Ti phase. In recent years, Sn has been clas-
sified as a neutral alloying element for Ti and its alloys. 
[59, 60]. As such, it has no significant impact on α or β 
phase stability, but contributes to the formation of solid 
solutions with Ti [61, 62]. Moreover, the presence of Sn 

in Ti alloys can limit the presence of the martensite phase, 
which is unfavorable in Ti alloys. The scarce presence of 
these phases after the sintering process can be related to 
this factor. In more detail, the solid solution forms when 
solute atoms (e.g., Sn) are added to the host material (Ti). 
Then, the crystal structure is maintained and no other 
structure forms [63, 64]. After the sintering process, the 
patterns related to these samples shown in Fig. 4 contain 
two formed phases: α” and β. The α” martensite phase 
formed in the three samples under different processing 
conditions (11 kA, 12 kA, 13 kA) and showed no signifi-
cant difference in the formed content. Some authors have 
demonstrated that the initial martensite transformation 
temperature (Ms) for contents of 2–9 Sn wt% falls within 
the 740–760°C range independently of alloy composition 

Fig. 11   EBSD IPF-Z maps for the Ti-34Nb-6Sn consolidated by ERS at: a 11 kA, b 12 kA and c 13 kA. Standard stereographic triangles show 
color-coded schematic grain orientation dependence on different planes
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[65]. This, and the similarity between the atomic radii of 
Sn and Ti (difference < 15%), can explain a low content of 
the formed martensite phase being present. Besides, the 
insignificant differences between the peaks related to this 
phase demonstrate its excellent efficiency as a neutral ele-
ment. As studied by Gouvea et al., 2019, the same growth 
trend of β grains was observed by increasing the electric 
current from 14 to 16 kA and, hence, to the bimodal dis-
tribution of grains at a higher current intensity (16 kA) 
[66]. In our case, the process also occurred at a higher 
electrical current (13 kA), but at a lower than that used, to 
produce samples with a 16 mm diameter that compressed 
at 50 MPa. The possibility of increasing grain size early 
could be due to the lower content of the employed β phase 
stabilizer element, and also to the longer milling time. In 

the work by Gouvea et al., 2019, both refractory elements 
Nb and Mo were used as β phase stabilizers.

Microhardness was measured on samples’ surface regions 
to obtain more reliable results under different conditions. 
Given the greater microstructure homogeneity of the sam-
ples’ central zone by ERS, measures were also taken in this 
region. According to Table 7, microhardness decreased with 
increasing electrical current intensity, where the α” phase 
content lowered and grain growth formed. In the work of 
Amigó-Mata et al., 2019, the Ti-6Al-4 V and Ti–CP con-
solidated by ERS at 10 kA and 12 kA were studied. The 
materials presented a slightly decreased microhardness 
at increasing current intensities [67]. Decreased hardness 
could be related to materials’ rapid sintering, which reduces 
oxidation. The work of Li et al., 2019, studied as-cast Ti-
Nb-Sn alloys with different compositions. Hardness val-
ues ranged from 346.7 HV-265 HV [31], which are lower 
than those in the present study. Besides, the above authors 
found that the α” martensite phase affected alloys’ Vick-
ers hardness because, when the α” martensite phase content 
lowered, alloys’ Vickers hardness reduced, which confirms 
the same results obtained in the present work. In the work 
of Utomo et al., 2018, the influence of the element Sn on 
the Ti-Nb-Sn system’s microhardness was studied. Alloys 
Ti-30Nb-2Sn, Ti-30Nb-5Sn and Ti-30Nb-8Sn had hardness 
values of 473, 455 and 559 HV (as-cast), respectively [68]. 
Hardness values were higher in all cases than those herein 
found. The hardness value depends on several factors, such 
as alloy composition, oxygen content, microstructure or sur-
face conditions, and also on the type of processing used to 
obtain samples. Compared to alloys Ti–CP and Ti-6Al-4 V 
with hardness values of around 200 HV and 340 HV [69], 
the obtained values were much higher.

Figure 13a-b shows the OCPs versus the time curves of 
the samples sintered at 11, 12 and 13 kA in Ringer Hart-
mann's solution at 37ºC. The curves of each material after 
immediate immersion in solution (close to 5 min) rapidly 
increased the potential at noble potential values (Fig. 13a), 
which evidenced the growth of a protective passive film. 
Figure 13b shows the details of the OCP values during the 
last 10 min. The sample obtained under the 11 kA condition 
presented a stable OCP at −0.06 V, which remained stable 
throughout the experimental time. Under the 12 kA condi-
tion, curves showed a more noble potential than 11 kA, with 

Fig. 12   PFs of the grains obtained after consolidation by ERS at a 
11kA, 12kA and c 13kA

Table 6   Percentage of phases analyzed by EBSD at the different sin-
tering current intensities after Ti-34Nb-6Sn consolidation by ERS

Intensity cur-
rent (kA)

Phase name Phase fraction 
(%)

Phase count

11 Titanium cubic 96.56 36,127
Ti-Hex 0.27 101
Ti-alpha 2 prima 3.17 1187

12 Titanium cubic 98.12 153,313
Ti-Hex 0.09 144
Ti-alpha 2 prima 1.79 2792

13 Titanium cubic 98.02 105,540
Ti-Hex 0.03 38
Ti-alpha 2 prima 1.95 2105

Table 7   Microhardness of the Ti-34Nb-6Sn alloy after consolidation 
by ERS

Condition Microhardness (HV)

11kA 418.65 ± 18.82
12kA 404.25 ± 26.06
13kA 389.25 ± 21.53
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a value of −0.04 V, and also under the 11 kA condition, 
and remained constant during the analysis time. The 13 kA 
condition had the lowest OCP, which took a value of -0.08 V.

Potentiodynamic polarization curves (PPCs) (see 
Fig. 14) showed that the samples obtained at 11 kA and 
12 kA exhibited lower corrosion current density (icorr) and 
higher corrosion potentials (Ecorr). Figure 14 also depicts 
the regions characterized by an almost constant current 
density, as indicated between the dashed lines. The oxida-
tion rate lowered due to a protection effect of the passive 
layer that formed on the sample surfaces in the active state. 
The passive layer grew while polarizing materials until a 
further increase in current intensity was observed, which 
indicated that the transpassive process had started. This 
increased current in the transpassive region was related to 
oxygen evolution, the electrode and/or fitting corrosion, 
intense oxidation and dissolution in the isolated points 
on the unshielded passive metal surface. The estimated 
corrosion potential (Ecorr) of the curves for the alloy sin-
tered at 11 kA was −0.43 V ± 0.13 V, −0.40 V ± 0.09 V 
at 12 kA and −0.47 V ± 0.015 v at 13 kA. As found on 
the OCP curves, Ecorr showed the same tendency to not 
only increase given a rise in the sintering electrical cur-
rent density at 12 kA, but to decrease with an increase at 
13kA, which promoted less uniformity in grain size and 
the more abounding presence of porosity. Afonso et al., 
2020, demonstrated the correlation between hardness, 
Ecorr, and the Nb content of solidified Nb-Ni binary sys-
tems [70]. It was evidenced that hardness and Ecorr were 
inversely proportional parameters. This fact was herein 
observed as hardness decreased when the current intensity 
increased from 11 to 12 kA and the Ecorr value increased. 
However, for the sample obtained at 13 kA, the hardness 
value was lower than that obtained at 11 kA and 12 kA, but 

Ecorr significantly decreased. This fact can be attributed to 
microstructure non uniformity as confirmed by the previ-
ously discussed grain size heterogeneity.

These potentials obtained (Table 8) by polarization curves 
were significantly lower than those acquired by OCP meas-
urements because the polarization test began at a cathodic 

Fig. 13   a The OCP curves of the Ti-34Nb-6Sn alloy obtained by the potentiodynamic test carried out under different experimental conditions 
obtained by ERS; b indication of the stability zones on the OCP curves referred to in Figure a

Table 8   Kinetic parameters obtained from the anodic curves by the 
potentiodynamic test

Condition icorr (µA/cm2) Ecorr (V) Rp (KΩ) Cr (µm/year)

11kA 0.38 ± 0.25  − 0.43 ± 0.13 84.4 ± 55.63 2.67
12kA 0.45 ± 0.06  − 0.40 ± 0.09 56.2 ± 8.21 3.16
13kA 0.24 ± 0.01  − 0.47 ± 0.15 111 ± 29.44 1.68

Fig. 14   The PPC curves of the Ti-34Nb-6Sn alloy obtained by the 
potentiodynamic test carried out under the different experimental 
conditions obtained by ERS
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potential. In this way, the passive oxide film on the surface 
was partially removed due to cathodic polarization.

Polarization resistance followed the same tendency as the 
Ecorr values considered for 11 kA and 12 kA, which led to 
a lower Rp. Rp significantly increased under the 13 kA con-
dition. This increase could be explained for a longer time 
because microstructural homogeneity was lacking. Figure 14 
shows the regions characterized by an almost constant cur-
rent density, starting where the dashed lines indicate. This 
region indicates the formation and growth of a passive film 
on samples’ surfaces. Under the 11 kA and 13 kA condi-
tions, the passivation process started at a potential close to 
1.7 V. For the material obtained at 12 kA, the start of pas-
sivation came close to 1.8 V, which demonstrated later pas-
sivation. This can be confirmed by the corrosion resistance 
parameter, Cr, obtained by using the icorr of each sample 
(see Table 8).

In the work of Mavros et al., [71], the Ti-Nb-Zr-Ta alloy 
system was obtained for biomedical application by the SPS 
technique with good corrosion resistance. The excellent cor-
rosion resistance of the β-type alloys formed by refractory 
elements, such as Nb, can contribute to the formation of 
a passive film layer that was not released to the environ-
ment [71]. In addition, both this oxide layer formed on the 
surface of Ti alloys and its composition affect these alloys’ 
corrosion response when used to manufacture orthopedic 
prostheses [6].

The corrosion current density found for this alloy type 
fell within the 0.4 to 0.7 μA/cm2 range. It is worth men-
tioning that the employed solution was NaCl, which has an 
ionic concentration and a different pH from those present 
in body fluid (Ringer Hartmann’s solution). The Ti-Nb-Zr 
system, which was also obtained by SPS, had a much higher 
corrosion current density value than in the present work, 
with 2.42 μA/cm2 for the Ti-13Nb-13Zr alloy. For the com-
mercially pure Ti, one of the most widely used materials 
in the biomedical sector, Icorr was approximately 3 μA cm2 
[72], which was significantly higher than the values found 
for the Ti-34Nb-6Sn alloy for all conditions included in the 
present work.

Figure 15 indicates the Nyquist diagrams of the EIS 
experiments in the samples sintered at 11, 12 and 13 kA. 
For the obtained EIS, data were modeled on the basis of 
the CPE circuit shown in the inset of Fig. 15. The best fit-
ting (goodness of fit, see Table 9) was provided using the 
equivalent circuit of Rs (CPEdl Rct) for all the samples. In 
the equivalent circuit, Rs and Rct referred to solution resist-
ance and circuit resistance, respectively. Another variable 
employed to describe passive layers, ndl, is the coefficient 
of CPEdl, which is interphase CPEdl and the electrolyte and 
transfer charge resistance related to Cdl (Eq. 6). The Cdl 
parameter of the samples was calculated according to the 
following equation (see Table 9):

  
The impedance spectra of three samples presented differ-

ent characteristics. The first (at 11kA) showed half capaci-
tive arc resistance characteristics. The impedance spectrum 
radius was larger compared to the other samples, with 
greater corrosion resistance. The second and third samples 
(at 12 kA and 13 kA) showed similar Nyquist spectra to 
the semicircular arc. This characteristic is present in passive 
metals or the capacitor [73]. Moreover, the end of the semi-
circle of the plots of the second and third samples reached 
700 Ω and 94 Ω on the x-axis. In the first sample, obtained 
at 11 kA, the half capacitive arc was 1175 Ω on the x-axis.

The Rs values of the samples obtained at 12 kA and 13 
kA were similar, while these values were lower at 11 kA 
(%). The Rcts for all the samples were higher than the Rs 
values. The highest value was obtained at 11 kA, followed 
by the sample obtained at 13 kA and finally at 12 kA. A high 
Rct value is associated with good corrosion resistance. It 
has already been established that the high density of grain 
boundaries in metals with nano-size grains improves the 
production of a passive layer on the metallic surface [74], 
which further enhances corrosion resistance by restraining 
the interaction between metals in an aggressive situation. A 
small nano-sized grain was obtained in the samples prepared 
at 11 kA (ECD = 750 nm ± 360 nm). The Ti-Nb-Sn samples 
obtained lower electrical current density, which suggests 
that some defects permit aggressive species to find solu-
tions and to create susceptibility to corrosion on Ti. Hence, 
the higher Rct and the lower Qdl values observed in the 

(6)Cdl =

(

CPEdl
(

Rs−1 + Rct−1
)1−ndl

)1−ndl

Fig. 15   The typical Nyquist diagram for the tested samples and the 
equivalent electric circuit for the EIS data analysis (Rs-solution resist-
ance, Rct-circuit resistance, CPEdl-constant phase element (non-ideal 
capacitance))
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sample produced at 13 kA denoted nobler electrochemical 
performance, which agrees well with the potentiodynamic 
polarization results.

4 � Conclusions

The Ti-Nb-Sn system with 34 wt% (Nb) and 6 wt% (Sn) 
was obtained by the ERS process at electrical current den-
sities of 11, 12 and 13 kA. The effect of current density on 
the microstructure was evaluated. The main conclusions are 
highlighted:

•	 Samples are structured in the α, α” and β phases. When 
increasing electrical current density, the β phase rises to 
values of around 98%;

•	 The samples obtained at 12 kA presented good micro-
structure homogeneity (less micro- and nano-pores, and 
fewer non soluble particles present);

•	 The microstructure is formed by equiaxial bcc-β grains, 
with a more uniform grain size in the samples obtained 
at 11 kA and 12 kA;

•	 The IPFs and PFs color maps reveal that the samples 
consist of very weak crystallographic texture occasioned 
by the both plastic deformation and thermally activated 
process more evident in the sample obtained at 13kA;

•	 Microhardness decreased with increasing electrical cur-
rent density with values within the 389–418 HV range;

•	 Corrosion tests proved alloys’ excellent corrosion resist-
ance with low current densities despite the presence of 
micro- and nano-pores.

•	 The corrosion rate was very low in all cases, but the 
standard deviations were much higher in the samples 
obtained at 13 kA in relation to lack of microstructure 
uniformity.
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