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• An original submicrometric (β + γ)-
TiNbTa material was successfully devel-
oped.

• It was obtained via a combined Low En-
ergy Mechanical Alloying and Pulsed
Electric Current Sintering metallurgical
process.

• It was determined a novel fcc structure
for Ti alloys (γ-TiNbTa alloy).

• This material possesses a low Young's
modulus and an outstanding yield
strength.

• This would allow obtaining (β + γ)-
TiNbTa foams without mechanical
strength damage.
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A novel (β + γ)-TiNbTa alloy has been developed by a combined low energy mechanical alloying (LEMA) and
pulsed electric current sintering process (PECS). Microstructurally, this material presents interesting characteris-
tics, such as a submicrometric range of particle size, a body-centered phase (β-TiNbTa) and, mainly, a novel face-
centered cubic Ti-based alloy (γ-TiNbTa) not previously reported. Related to mechanical performance, the novel
(β + γ)-TiNbTa shows a lower E (49 ± 3 GPa) and an outstanding yield strength (σy N 1860 MPa). This combi-
nation of original microstructure and properties makes to the (β + γ)-TiNbTa a novel material potentially suit-
able as biomaterial to fabricate bone replacement implants, avoiding the undesirable and detrimental stress-
shielding problem and even the usual damage on the mechanical strength of Ti-based foams biomaterials.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Commercially pure titanium (c.p. Ti grade 4) and the Ti6Al4V alloy
(Ti grade 5), ASTM B265–10, are the most widely metallic materials
used for bone replacements implants [1]. However, they present an im-
portant disadvantage, a high Young's modulus (between 100 and
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105 GPa [2]) in comparison with the trabecular and cortical bone
(10.4–14.8 GPa and 18.6–20.7 GPa, respectively [3]). This disparity of
the stiffness between the implantmaterial and the adjacent bone is det-
rimental to the stability of the bone–implant ensemble. The incorrect
transference of the stress supported by the bone to the implant leads
to bone resorption, osteopenia, i.e., the reduction in bone density, loos-
ening of the implant and/or premature bone fracture [4,5]. Therefore,
the key aspect to avoid stress shielding is matching the Young's modulus
of the implant to that of the bone tissue [6]. For this purpose, research
efforts have mainly followed by two different routes.

The first one is the development of cellular solids or foams (porous
materials) from c.p.Ti or Ti6Al4V to decrease the density and, therefore,
their Young'smodulus based in thewell-known inverse relationship be-
tween both properties [7–9]. Potential porous Ti-based biomaterials
with homogeneous-, longitudinal-, and radial-graded interconnected
porosity [10,11] replicating bone structure have been developed, with
E value similar to that of the cortical bone (~20 GPa). However, the
high porosity needed to reach this E value compromises other impor-
tant characteristic of design, such as the yield strength (σy) under
monotonic and/or fatigue loads [12,13]. Thus, the σy can be diminished
from the 655 and 828 MPa for bulk Ti and Ti6Al4V [14], respectively, to
87 MPa for Ti foams with 67 vol% of porosity [15] and 167–69 MPa for
Ti6Al4V foams with 50–70 vol% of porosity [13]. For comparison pur-
pose, the yield strength for cortical bone determined by compression
test is 135 ± 34 MPa [16].

The second path to obtain Ti-based biomaterials with low E is fo-
cused on the development of Ti-based alloys with different structure
that of the c.p. Ti and the Ti6Al4V alloy. These phases present, at room
temperature, α and (α + β) structures [17], respectively. The α phase
is a hexagonal close-packed (hcp) structure, while the β phase is a
body-centered cubic (bcc) structure. It is widely reported that metasta-
ble β-Ti alloys have lower E than α-Ti alloys, but still higher than the
cortical and trabecular bones [18]. The β-Ti alloys possess a unique bal-
ance of low stiffness, formability, andweldability, making them suitable
for a wide range of clinical applications [19–21].

Although the metastable β-Ti is a high-temperature phase, with an
α → β dimorphic allotropic transformation at transition temperature
of 882 °C [22], it is possible to maintain the β-Ti thanks to the existence
of some transition metals that act as β stabilizers at room temperature.
The β stabilizer elements mainly include Mo, V, Nb, Ta, and Zr as β-
isomorphous [23,24] and Cr, Co, Cu, Fe, and Ni as β-eutectoid elements
[22,25]. The advantage of the β-isomorphous elements is the high
amount of substitutional solid solution and their inability to form Ti in-
termetallic compounds, with high E [26–28], according to their binary
phase diagrams.

Thus, based on this assertion, β-Ti alloys have been developed with
Young's modulus relatively low (minimum E value of 35 GPa) [29,30]
and close to that of the cortical bone (~21GPa). However, their E still re-
mains far from that of trabecular bone (~14 GPa). Nb, Ta, and Zr are the
main alloyed elements due to their higher biocompatibility [31] and
their β-isomorphous character. Also, these new β-Ti alloys present, as
general trend, yield strength lower than c.p. Ti, Ti6Al4V and other first
generation alloys with alfa structure. As example, the β-Ti-Nb-Ta-Zr al-
loys showed σy values between 530 and 804 MPa and the β-Ti-Nb-Sn-
Mo-Zr between 668 and 825 MPa [19,32,33]. Therefore, it would not
be possible to develop β-Ti alloys (bulk or foams) with an optimal com-
bination of both low E and optimal yield strength similar to the cortical
and trabecular bones.

Therefore, an alternative approach to meet the aforementioned E
and σy requirements would be the development of amorphous and
nanocrystalline alloys, or even, Ti alloys with novel structures [34].
These efforts should be directed at decreasing the E value to a level
close to that of the trabecular bone andminimizing the loss of mechan-
ical strength for porous Ti alloys. These requirements could be met by
amorphous [35,36] and nanocrystalline materials, which have higher
strength values as compared to other microstructured polycrystalline
materials [37]. Additionally, the development of other structures for Ti
alloys, such as tetragonal structure for the intermetallic γ-TiAl [38],
could be another interesting approach to address stress shielding due
to expected discrepancy in mechanical behavior.

Therefore, the aim of this work is to develop an amorphous and/or
nanostructured Ti alloy bulkmaterial with structure different of the tra-
ditional hcp α-Ti and bcc β-Ti alloys. This is expected in order to obtain
an optimal product, decreasing Young's modulus (E) while increasing
yield strength (σy), for use as raw material to fabricate bulk or foam
bone replacement implants, without the detrimental stress-shielding
behavior.

For this purpose, we employed the combined low-energy mechani-
cal alloying (LEMA) and the pulsed electric current sintering (PECS)
powder metallurgy processes. LEMA was selected for its ability to pro-
duce homogeneous materials and induce amorphization and phase
transformation [39]. PECS is a sintering method that simultaneously
uses high current density and pressure to consolidate materials in a
short period of time, commonly seconds orminutes, due to the possibil-
ity to apply higher heating rates than conventional sintering techniques.
This PECS sintering techniquewas selected for its ability tomaintain the
nanostructure and partially amorphous characteristic on the consoli-
dated powders [40].

Two elements, Nb and Ta, were introduced to obtain a Ti-based alloy
with 57Ti-30Nb-13Ta (atomic percent [at.%]) nominal composition.
Both elements were selected due to their β stabilizing behavior, to en-
sure the absence of the α phase (due to its higher E value), biocompat-
ibility [41,42], and ability to prevent particle increase [43]. In addition,
Nb was introduced in high amounts since mechanical alloying causes
it to undergo an allotropic transformation from β (bcc) phase to γ
(fcc) phase [44]. We expect that this Nb transformation can induce the
same transformation for the 57Ti-30Nb-13Ta (at.%) material.

2. Materials and method

Elemental powders of titanium (CAS number 7440-32-6, 99.6% pu-
rity, b325mesh, NOAH tech, San Antonio, TX, USA), niobium (CAS num-
ber 7440-03-1, 99.9% purity, b325 mesh, NOAH tech.), and tantalum
(CAS number 7440-25-7, 99.9% purity, b325 mesh, NOAH tech.), with
nominal composition of 57Ti-30Nb-13Ta (at.%), were used to develop
a TiNbTa potential biomaterial. The mechanical alloying process was
carried out under low-energy (LEMA) conditions to prevent the grain
growth that can occur in the case of ductile metals under high-energy
conditions. In brief, a planetary ball mill (PM400, Retsch GmbH) was
used at spinning rate of 250 rpm for the main plate and the two vials
of the mill, under an argon inert gas atmosphere (H2O ≤ 8 ppm and O2

≤ 2 ppm, Linde Group, Spain). Yttria-stabilized zirconia (YSZ) balls and
vials were used as milling media due to their lower density in compar-
isonwith the stainless steels,whichproduces low-impact energy during
milling. A ball-to-powder ratio (BPR) of 10 was applied. In addition, a
3 wt% of zinc stearate (CAS number 557-05-1; 99.9% purity;
b325 mesh, NOAH tech.) was used as process control agent (PCA) to
avoid welding and excessive particle agglomeration. It was applied for
60 h of milling time at cyclic intervals of 30 min OFF and 30 min ON,
in order to reduce the temperature inside the vial. This 60 h of milling
time was determined according to the milling conditions reported for
similar materials in previous published works [45].

Subsequently, the as-milled TiNbTa powder was sintered by the
PECS technique (FCT System GmbH. Germany. Model HPD-25) at an
optimized temperature and pressure of 1400 °C and 30 MPa,
respectively, based on the reduction of porosity, at a high heating rate
of 500 °C·min−1, with no dwell time and free cooling. High vacuum
was used as work atmosphere (~10−6 atm). The as-sintered TiNbTa
specimenwas prepared with diameters of 20mm and height of 10mm.

The X-Ray Diffraction (XRD) patterns for as-milled and as-sintered
TiNbTa specimens, latter after metallographic treatment, i.e., cutting
and surface polishing (P400 grit SiC, diamond suspensions with



Fig. 1. a) X-ray powder diffraction patterns for the as-milled (down) and as-sintered (up)
TiNbTa specimen. (●) β-TiNbTa (bcc, Im-3m); (■) γ-TiNbTa (fcc, Fm-3m); (◆) ZrO2

(tetragonal, P42/nmc). b) Rietveld fitting for the as-sintered TiNbTa specimen.
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particles of 9 μm, 3 μm, 1 μm and, finally, a colloidal suspension of 0.05
μm of SiC particles), were collected by a PANalytical X'Pert Pro instru-
ment. It was equipped with a Bragg-Brentano θ/2θ geometry detector,
a Cu Kα radiation source (40 kV, 40 mA), a secondary Kβ filter, and an
X'Celerator detector. They were obtained by scanning from 20 to 140°
of 2θ°, with 0.02° steps and a counting time of 300 s·step−1. Lanthanum
hexaboride, LaB6 (Standard ReferenceMaterial 660b, NIST),was used to
correct the instrumental error of the diffractometer and calibrate the
positions of the diffraction lines. The structural elucidations of the
phases and the corresponding space group symmetries (SGS) were de-
termined by the Dicvol software, using the dichotomymethod [46], and
compared with the PDF-4+ database from the International Centre for
Diffraction Data (ICDD).

Further, with regard to the XRD pattern of as-sintered TiNbTa spec-
imen, a Rietveld analysis was carried out to determine the lattice pa-
rameters (a, b, c), the crystalline domain size (D), and the
quantification of phases using the Fullprof software by Carvajal [47].

Scanning electron microscopy (SEM) images in secondary electron
modewere obtained using aHitachi S-4800field at an acceleration volt-
age of 5 kV on the as-sintered TiNbTa specimen. The quantification of Ti,
Nb, Ta, and, specifically, Zr, the latter being sourced from the milling
media (ZrO2), was carried out in each phase by point X-Ray energy dis-
persive spectrometry (EDS)with a detector coupled in the SEM at an ac-
celeration voltage of 30 kV.

On the other hand, high-angle annular dark-field (HAADF) images as
well as point andmapping EDS were obtained in scanning transmission
electronmicroscopy (STEM)mode by using FEI Talos™ F200S scanning/
transmission electron microscope at an acceleration voltage of 200 kV
(point resolution= 0.25 nm). In turn, the selected area electron diffrac-
tion (SAED) patterns for the different phases detected were collected in
TEM mode on a disc of the as-sintered specimen with diameter 3 mm,
which was prepared by cutting, polishing (similar than previously ex-
posed), dimpling, and ion milling (DuoMiller, Gatan Inc. and ion miller
model no. 1010, Fischione), successively. The JEMS software was used
to resolve the structures obtained by SAED.

Finally, the elastic behavior of the as-sintered TiNbTa specimen at
room temperature was determined by a compression test in a universal
mechanical testingmachine (Instronmod. 6025). The testswere carried
out according to the ASTM E9-09 standard, with displacement rate of
0.05 mm/min and a maximum application load of 100 kN, the maxi-
mum value available for the machine. Thus, five cylindrical specimens
with a diameter 8 mm and height 10 mm (diameter/height rate equal
to 0.8), as recommended for “short solid cylindrical specimens” in the
ASTM E9-09, were tested. These specimens were obtained from the
abovementioned cylinders (ϕ = 20 mm and h = 10 mm) by wire
electroerosion process (EDM, Electrical Discharge Machining). The ab-
sence of oxygen on the surface of the machined cylinders was corrobo-
rated by point SEM-EDS. Finally, the strain-stress curve was corrected
after taking into consideration the stiffness measured using the univer-
sal testing machine Instron.

3. Results

3.1. Microstructural characterization

The TiNbTa potential biomaterial for bone tissue replacement im-
plants developed in this study showed in the XRD patterns two and
three phases for the as-milled and as-sintered specimens, respectively
(Fig. 1a). In both specimens, two structures were assigned, a body-
centred cubic (bcc, Im3m) and a face-centred cubic (fcc, Fm3m)
structure, designed as β and γ phases, respectively. Both structures
were corroborated by comparison with the references files existing in
the PDF4+ database for the bcc-Nb (80-2330) and fcc-Nb (34-0370),
respectively.

Attending to the total absence of the corresponding peaks for Ti, Nb,
and Ta raw materials and the complete solid solution between them
[48], this aspect suggests both phases are to be two different TiNbTa ter-
nary alloys or, at least, the TiNb, TiTa, and/or NbTa binary alloys. In addi-
tion, in the as-sintered TiNbTa specimen, small peaks corresponding to
the zirconium oxide (ZrO2, tetragonal, P42/nmc, reference number 50-
1089) originating from the YSZ milling media were detected. The ab-
sence of these ZrO2 peaks in the as-milled TiNbTa specimen suggests
its total amorphization as consequence of the high milling time (60 h).

In both as-milled and as-sintered TiNbTa specimens, the lattice pa-
rameters (a, b, c), crystalline domain size (D) and percentage of phases
were determined by Rietveld analysis. All values obtained are shown in
Table 1. For comparison, the lattice parameters for elemental and mill-
ing media materials are also displayed in Table 1.

The lattice parameter for the phase with β (bcc) structure formed in
the as-milled TiNbTa specimen was very close to those of β-Ti, β-Nb,
and β-Ta, which were similar (Table 1). Then, the TiNbTa composition
was not expected to greatly influence the lattice parameter of the β-
phase. By comparisonwith the sameβ-phase for the as-sintered TiNbTa
specimen, there was no displacement in the corresponding peaks
(Fig. 1a). This aspect agrees with the same lattice parameters for the
as-milled and as-sintered β-phase (Table 1). Therefore, for the β-
phase, Ti, Nb, and Ta composition could be modified without changing
their lattice parameters.



Table 1
Some microstructural characteristics for the as-milled and as-sintered TiNbTa specimens
obtained by Rietveld analysis: lattice parameters (Å), crystalline domain size (D), and per-
centage of phases (wt%). For comparison, lattice parameters for pure elements and ZrO2

are presented. Further, the Chi-Square Goodness of Fit parameter (χ2) is presented to cor-
roborate the optimal Rietveld fitting. β: bcc structure; γ: fcc structure; N.D: Not detected.

Phase Lattice parameters (Å) D (nm) Phases (wt%) χ2

as-milled TiNbTa
β-TiNbTa a, b, c = 3.304 7.0 34 2.3
γ-TiNbTa a, b, c = 4.361 2.4 66
ZrO2 N.D. N.D. N.D.

as-sintered TiNbTa
β-TiNbTa a, b, c = 3.305 320 42 1.9
γ-TiNbTa a, b, c = 4.297 360 47
ZrO2 a, b = 3.598

c = 5.152
250 11

Pure elements
β-Ti a, b, c = 3.307 – – –
β-Nb a, b, c = 3.303 – –
β-Ta a, b, c = 3.306 – –
γ-Nb [44] a, b, c = 4.280 – –
ZrO2 a, b = 3.598

c = 5.152
– –
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In contrast, the γ-phase (fcc) underwent a change in the lattice pa-
rameters from the metastable γ-Nb [44] to as-sintered TiNbTa
(Table 1). Initially, the increase of the lattice parameter for the as-
milled TiNbTa suggested the introduction of Ti and Ta in the γ-Nb. Sub-
sequently, for the as-sintered TiNbTa, the diminishing of the lattice pa-
rameter can be attributed to the inverse behavior in the γ-Nb, due to
its metastable characteristic. This last observation was consistent with
the higher 2θ displacements in the corresponding XRD patters
(Fig. 1a). Therefore, the formation of a Ti, Nb, and Ta substitutional
solid solution leads to a higher lattice parameter from γ-Nb (a, b, c =
4.280Å) to as-milled TiNbTa (a, b, c=4.361 Å) and lower lattice param-
eter for as-sintered TiNbTa (a, b, c=4.297 Å). In addition, it could bede-
termined the lattice parameter for the ZrO2 coming from theYSZmilling
media. This value matched exactly with the value provided in the PDF 4
+ database, corroborating the presence of ZrO2 in the as-sintered
TiNbTa specimen.

With regard to the crystalline domain size (D), submicrometric
value was observed for all phases, even for the as-sintered TiNbTa.
Thus, one of the goals of this study was achieved, i.e., the development
of a submicrometric structured alloy, which have higher mechanical
strength than microstructured alloys [49] (Table 1).

The Rietveld analysis carried out on XRDpattern of (Fig. 1a) revealed
the weight percentage of phases (Table 1). The goodness of fit parame-
ter (χ2) for the Rietveld refinementwas close to two,which it is a typical
value for optimal fitting (Table 1). As corroboration, the fitted XRD by
Rietveld for the as-sintered TiNbTa specimen is showed in Fig. 1b.
Thus, it was observed that the percentage of the γ-phase was reduced,
while that of the β-phase was increased from as-milled to as-sintered
TiNbTa specimens. This suggests a partial transformation of the fcc to
bccmicrostructure during sintering. Themetastable character of the de-
veloped γ-phase is expected to be analogous to themetastable γ-Nb al-
lotropic phase [44]. The ZrO2 amount from YSZ milling media was also
determined for the as-sintered TiNbTa specimen due to the total ab-
sence of the characteristic peaks for ZrO2 XRD pattern in the as-milled
TiNbTa specimen, as consequence of its amorphization. Thus, the ZrO2

amount attributable to the milling media was 11 wt% (Table 1).
SEM images were obtained for the as-sintered TiNbTa specimen. It

was observable a practically total absence of porosity, suggesting a full
densification of the sintered specimen. This as-sintered TiNbTa speci-
men showed an interesting submicrometric structure, as shown in
Fig. 2. The exceptionally high heating rate applied (500 °C·min−1) dur-
ing PECS allowed the retention of the submicrometric size for all parti-
cles after sintering. This complete structure developed is a very
positive achievement related to the osseointegration, i.e., the direct
structural and functional connection between living bone and the sur-
face of a load-bearing implant [50]. In practice, this structure developed
for the as-sintered TiNbTa specimen is a positive effect that can directly
enhance cell behavior at an early stage and in the long-term
osseointegration of the implant [51,52].

In relation to the microstructure observed by SEM, three different
zones were detected (see Fig. 2), with each of them showing different
contrasts. Zone 1 was composed for an apparently continuous light-
grey phase (it was not observed the grain boundaries for this phase)
and submicrometric (b500 nm) dark grey particles. Other smaller
white particles were exceptionally detected (marked by a white
square). The compositions of both grey particles were semiquantita-
tively determined by SEM-EDS (Table 2). The dark grey particles
(marked with “d” in the zone 1 of Fig. 2) presented an average atomic
composition of 75Ti-17Nb-8Ta. In turn, the light-grey phase (marked
with “l” in the zone 1 of Fig. 2) possessed a composition of 40Ti-43Nb-
17Ta. These compositions showed a higher Ti percentage phase and an-
otherwith higher Ta and Nb percentage than the 57Ti-30Nb-13Ta nom-
inal atomic percentage, respectively. Therefore, it is expected that these
two corroborated TiNbTa alloys remain from the corresponding as-
milled TiNbTa specimen to the as-sintered TiNbTa (β and γ phases, ob-
served by XRD). The compositions of the smallest white particles were
impossible to determine due to their extremely small size (b100 nm).

Zones 2 and 3 (Fig. 2) showed two and three contrasts, respectively.
As it was in the zone 1, the composition of these zones could not be de-
termined due to the extremely small size of the submicrometric parti-
cles. In addition, by comparison with the number of phases detected
by XRD (Fig. 1a), it is suggested that the particles shown in the three
zones of Fig. 2 are in fact the β-TiNbTa (bcc) and the γ-TiNbTa (fcc)
phases, with different particle sizes and distribution, due to the hetero-
geneous heat treatment generated by PECS.With regard to the smallest
particles with lightest contrast existing in zones 1 and 3 (Fig. 2, marked
by white squares), they must correspond to the ZrO2 originating from
the YSZ milling media, as the third phase determined by XRD.

This developed submicrometric nature is a typical characteristic for
materials developed by the PECS sinteringmethod [53,54]. The particles
thus obtained are interesting due to the expected higher mechanical
strength of nano and submicrometric structured materials in compari-
son with microstructured specimens, as consequence of the known
Hall-Petch behavior that has been reported in some biomaterials [55].
This effect is presented for crystal sizes higher than a nanometric critical
size (around 30–10 nm), when the reported inverse Hall-Petch behav-
iour takes place [56].

The general SEM-EDS analysis were carried out on the full-polished
surface of the as-sintered TiNbTa specimen, yielding a 59Ti-29Nb-12Ta
relative at.%. This composition was close to the nominal 57Ti-30Nb-
13Ta, corroborating the optimal measurements of EDS and the absence
of the migration of metal out to the PECS die, which is typical for metal
pressure-assisted sintering methods [57]. In turn, the absolute Zr at.%
obtained for the same general EDS-SEM analysis was 6 at.%. This value
is consistent with the general weight percentage obtained by Rietveld
(11 wt% of ZrO2).

On the other hand, it is necessary to emphasize that no C and a lowO
amount (lower than 2 wt%) were determined by EDS. The decomposi-
tion of the PCA (Stearic acid, 3 wt%) during sintering, had to produce
typical volatile reaction products for organic acids, such as CO2 and
H2O leaving the as-sintered TiNbTa specimen before full densification.
Moreover, the lower O amount determined was in agreement with
the amount of ZrO2 from milling media.

Subsequently, to clarify and corroborate the composition of phases, a
high-angle annular dark-field image (HAADF) was obtained in the TEM,
and a mapping-EDS was collected (Fig. 3). The mapping-EDS was col-
lected in the zone 2, which was impossible to obtain by SEM-EDS. It
clearly showed two different phases. The first one (marked as “A” in
Fig. 3) was associated to the higher Ti amount (red color in Fig. 3); in

https://en.wikipedia.org/wiki/Bone


Fig. 2. Low-magnification SEM image for the as-sintered TiNbTa specimen showing general morphology, microstructure, and distribution of phases. High-magnification SEM images
showing the three different zones, marked by red squares. “d” and “l” correspond to the SEM-EDS measurements for dark and light particles of zone 1. White squares: The smallest
white particles detected.
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this phase, the brightness for Nb (green) and Ta (blue) was low, sug-
gesting a high Ti content, according to the first alloy determined previ-
ously by SEM-EDS, i.e., the 75Ti-17Nb-8Ta alloy. On the other hand, Nb
and Ta are associated mostly with the second phase (marked as “B” in
the Fig. 3), when Ti was in low amount. This phase could be matched
to the abovementioned 40Ti-43Nb-17Ta alloy. The Zr was detected in
some points, and it is not associated with Ti, Nb, and Ta, suggesting
that the ZrO2 from YSZ remains unalloyed.

The semiquantitative STEM-EDS determination of both TiNbTa alloys
was carried out on areas #1 and #2marked in Fig. 3, yielding results sim-
ilar to those obtained by SEM-EDS (Table 2), thereby corroborating that
the two fcc and bcc are, in fact, TiNbTa alloys. Thus, the β-TiNbTa is the de-
sired microstructure due to its expected low Young's modulus in
Table 2
General, zone 1 and zone 2 semiquantitative EDS compositions (at.%) for the as-sintered
TiNbTa specimen.

Zone Ti Nb Ta Zr

SEM-EDS
General 54 ± 3 28 ± 3 12 ± 2 6 ± 2
Zone 1 Dark contrast 75 ± 3 17 ± 3 8 ± 2 0

Light contrast 40 ± 4 43 ± 3 17 ± 3 0

TEM-EDS
Zone 2 Crystal A 72 ± 3 19 ± 3 9 ± 3 0

Crystal B 43 ± 2 41 ± 4 16 ± 3 0
comparison with α-Ti alloys. The stabilizations of this beta phase at
room temperature was possible due to the reported β stabilizing charac-
teristic of Nb and Ta, as expected. However, in this case, another Ti alloy
determined, the γ-TiNbTa, can be asserted as a novel and interesting
candidate in the development of Ti alloys for biomedical applications,
since γ-Ti alloys have not been reported hitherto. In this sense, it is inter-
esting to note that although there is a complete binary miscibility be-
tween Ti, Nb, and Ta in the solid state, attending to the corresponding
binary phase diagrams [48], the excessive addition of Nb causes the for-
mation of the γ-TiNbTa, from the γ-Nb allotropic structure [44].

The next step in this work was to connect the β-TiNbTa and the γ-
TiNbTa phases developed with each TiNbTa composition determined.
For this purpose, the structures of the “A” and “B” crystals exposed in
Fig. 3 were elucidated by SAED (Fig. 4). Contrary to expectation, the γ-
TiNbTa alloy (crystal “A”) was assigned to the Ti richer alloy (75Ti-
17Nb-8Ta). This assertion was corroborated by two SAED patterns ori-
ented along the [101] and [001] zone axes. Thus, the development of a
novel γ-Ti alloy was also corroborated by SAED. Thus far, only α-Ti
and β-Ti alloys had been developed. Synergy effects could have caused
this γ-Ti alloy formation. The introduction of a high amount of alloying
elements (Nb and Ta) together with the energy transferred duringmill-
ing could have led to the deformation and formation of a new phase, as
it was detected for the as-milled specimen. Thereafter, the high heating
rate used during PECS sintering (500 °C·min−1) prevented the total
transformation of this γ-TiNbTa to the expected β-TiNbTa, according
to the phase diagrams [48].



Fig. 3. HAADF image obtained by STEM, corresponding to the zone 2 (Fig. 1), showing the submicrometric alloy. Mapping STEM-EDS was displayed with the Ti, Nb, Ta and Zr elements.
Compositions of Area #1: 72Ti-19Nb-9Ta; Area #2: 43Ti-41Nb-16Ta. A and B are the crystals used in Fig. 4 to determine the crystallography structure of phases.
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On the other hand, the “B” crystal (shown in Fig. 4 and also marked
in Fig. 3) presented the typical β-TiNbTa structure, with the composi-
tion of the abovementioned β-40Ti-43Nb-17Ta. The lower Ti amount
introduced in thisβ-TiNbTa did not cause any structural transformation,
retaining the stable bcc structure, and the stable structure for Nb and Ta
at room temperature. In this case, this assertion was made on the basis
of two SAED patterns oriented along the [113] and [001] zone axes
(Fig. 4).

3.2. Mechanical behavior

Once the microstructure was elucidated, the mechanical perfor-
mance of the specimen, particularly, the Young's modulus and the
yield strength, were determined by the compression test according to
the ASTM E9-09. Fig. 5a displays the strain-stress curve obtained. The
first assertion can made about the Young's modulus obtained from the
slopes, 49 ± 3 GPa. This value was lower than those of c.p. Ti and
Ti6Al4V [2] and even lower than those of other β-TiNbTa-based alloys
obtained by cast (from 55 to 91 GPa) [19] and for the widely extended
β-TiNb-based alloys (60–110 GPa, approximately [6,58]). However, it
must be taken into account that about 6 at.% of the specimenwas attrib-
utable to YSZ originating from themillingmedia. The base of YSZ is ZrO2

with a Young's modulus of 205 GPa [59]. Thus, according to the volu-
metricmixing law, the final E from the as-sintered TiNbTa specimen de-
veloped in this work would be reduced when another milling media
would be used. Furthermore, the low value of E obtained could be a di-
rect consequence of the existence of new γ-TiNbTa, instead of only β-
TiNbTa, since E for fcc has been reported to be lower than that for bcc
alloy structures [60,61]. In addition, Zhu [62] showed how the Young's
modulus of nanocrystalline materials decreases with the reduction of
the grain size to the nanoscale.

Another outstanding achievement was the exceptionally higher
yield strength expected for the developed (β + γ)-TiNbTa speci-
men (N1860 MPa), in comparison with the c.p. Ti (480–552 MPa)
[14], Ti6Al4V (880 MPa) [14] and also the β-Ti alloys, with values
of 600–800 MPa for the most promising β-Ti-based alloys
[19,33,63]. It is important to note that despite the high maximum
load applied (100 kN) and small size of the specimens (θ = 8 mm
and h = 10 mm), it was impossible to reach the yield strength
point. This is a very important achievement since the yield strength
is another essential Ti alloys parameter used for implants to accom-
modate the compression, tension, and torsion stress state, which
may be experienced by the implants used in the human body
[19,33].

All the achievements mentioned above are very important since
they allow the use of this (β+ γ)-TiNbTa as raw material for the prep-
aration of Ti-based foams. Thiswould introduce a high amount of poros-
ity to reduce the Young's modulus without a detrimental effect on the
yield strength. Fig. 5b shows the estimation of Young's modulus and
the yield strength by the introduction of porosity in the (β+ γ)-TiNbTa,



Fig. 4. TEM images of zone 2, showing two crystals (A and B, also marked in Fig. 2) and the corresponding SAED patterns and the indexed crystallographic planes. Crystal A (TiNbTa with
higher Ti content): fcc structure and Fm3m SGS. Crystal B (TiNbTa with lower Ti content): bcc structure and Im3m SGS.
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according to the Mondal (1) [64], Knudsen (2) [65], and Ryshkewitch
(3) [66] equations:

EP=E0 ¼ 1−Pð Þ2= 1þ yPð Þ; y ¼ 2−3v0 ð1Þ

EP=E0 ¼ exp −mPð Þ ð2; 3Þ

where EP and E0 are the elastic modulus for the foam and the bulk Ti al-
loys, respectively. P is the porosity amount of the foam. υ0 is the
Poissons ratio for the bulk Ti alloys. Finally,m is an experimental param-
eter equals to 3.95 and 7 for Knudsen and Ryshkewitch, respectively.

Thus, as shown in Fig. 5b, it would be possible to develop a
submicrometric (β+γ)-TiNbTa foamwith the lowest Young'smodulus
obtained until now (as example, 12 GPa for 20 vol% of porosity) and an
estimated yield strength of ~460 MPa, according to the Ryshkewitch
equation. This σy value is much higher than that of the cortical bone
(170–227 MPa), as determined by the compression test in different
human bones [67–69]), and, consequently, also for the trabecular bone.

Similar assertions can be obtained using the Mondal and Knudsen
equations. Further, in these cases, low E with values close to those of
the trabecular bone could be reached with higher volume of porosity
(11 GPa and 7 GPa for 50 vol% of porosity. Fig. 5b). Correspondingly,
the yield strength (419 MPa and 258 MPa) would be higher than
those of the trabecular bone as well as the cortical bone. In addition,
the possibility of introducing a high level of porosity would increase
the open porosity percentage and, consequently, also improving the in-
growth bone cells into the implants and, finally, improving
osseointegration [70,71]. In this context, it is important to emphasize
the present work is the basis to develop novel γ-TiNbTa foamswith im-
provedmechanical behavior than usualα-Ti and β-Ti alloy foams by the
space holder technique, which the authors are fabricating at this
moment.

4. Conclusions

• By applying a combination of LEMA and PECS powdermetallurgy pro-
cesses, it was successfully developed a novel TiNbTamaterial with in-
teresting microstructural and mechanical characteristics that make it
suitable for bone replacements implants.

• The microstructure developed showed different zones with different
particle sizes, but always in the submicrometric range.

• In all zones detected for the novel TiNbTamaterial, two Ti-based alloys
were observed. The first one was the typical β-TiNbTa alloy with bcc
structure and a lower Ti atomic amount (40Ti-43Nb-17Ta) than
usual. However, the secondwas a novel γ-TiNbTa alloy with fcc struc-
ture and a higher Ti atomic percentage (75Ti-17Nb-8Ta).

• All characteristics for the novel TiNbTa material developed, including
its submicrometric structure, low Young's modulus, β-TiNbTa (bcc
structure), and novel γ-TiNbTa (fcc structure), confers on it the com-
bined advantages of one of the lowest Young's modulus (49 ±
3 GPa) and an outstanding yield strength (N1860 MPa), which has
not been previously reported for bulk Ti-based biomaterials.

• The outstanding yield strength for the novel (γ+ β)-TiNbTa material
developed would allow the fabrication of (γ+ β)-TiNbTa foams with
high porosity amount, reaching Young's modulus similar and yield
strength higher to the corresponding for cortical and trabecular
bones, as it was determined by the reported Knudsen, Mondal, and
Ryshkewitch equations. Therefore, it would be possible to eliminate
the undesirable stress-shielding phenomenon with the use of this
material.



Fig. 5. a) Strain-stress curve for the TiNbTa potential biomaterial, determined by
compression test until 100 kN maximum load. Inset: A representative specimen tested
(θ = 8 mm and h = 10 mm). b) Estimated Young's modulus (E) and Yield strength (σ0)
using the Mondal (■), Knudsen (•) and Ryshkewitch (★) equations for all the range of
porosity to form foams and starting from experimental data at porosity equal to 0 (E0
= 49 GPa and σy0 = 1860 MPa).
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