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Nanostructured near-β Ti–20Nb–13Zr at % alloy with non-toxic elements and enhanced mechanical properties
has been synthesized by spark plasma sintering (SPS) of nanocrystalline powders obtained by mechanical
alloying. The consolidated bulk product was characterized by density measurements and Vickers hardness
(HV), and X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM) combined with
energy-dispersive spectroscopy (EDX), and transmission electron microscopy (TEM) for structural details. The
temperature during spark plasma sintering was varied between 800 and 1200 °C, while the heating rate and
holding time of 100°K/min and 10 min were maintained constant in all the experiments. The effect of SPS
temperature on the densification, microstructure, and HVwas discussed. The results show that a nearly full den-
sity structure was obtained after SPS at 1200 °C. The microstructure of the obtained alloy is a duplex structure
with theα-Ti (hcp) region having an average size of 70–140 nm, surrounding theβ-Ti (bcc)matrix. The obtained
alloy was chemically homogenized with a micro hardness value, HV of 660. The developed nanostructured
Ti–20Nb–13Zr alloy is suggested for biomedical use as in implantmaterial in dental and orthopedic applications.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

A number of different metallic materials have been used in a variety
of applications in the medical field. Specifically, they are used for inter-
nal support and biological tissue replacements such as joint replace-
ment, dental roots, orthopedic fixation and stents [1]. The common
metals and alloys that are being utilized for biomedical applications
are: stainless steels, Co-based alloys, and Ti-based alloys. However, Ti
and Ti-based alloys have dominated over other alloy systems in the
medical and dentistry fields due to their improved biocompatibility
[2–4]. Many Ti-based alloys were developedwith the addition of multi-
ple alloying elements in order to evaluate their individual contributions
and arrive at an improved composition that possesses the highest
biocompatibility. Different metals like vanadium, nickel, chromium,
and aluminum were added via different processing routes and some
Ti-based alloys were introduced, e.g., Ti–6Al–4 V [5]. However, it was
observed that vanadium and aluminum are probably toxic [2] and can
causemutagenic cytology in addition to triggering allergic reactions [3].
Other constituents like nickel were found to result in lower biocompat-
ibility [5] and chromium has amajor concern due to its genotoxicity [5].
Therefore, both the selection of alloy composition and finding the best
sein), Surya@ucf.edu
processing method to develop Ti-based alloys have been a challenge
in the biomedical/biomaterials field.

All the three constituents in the Ti–Nb–Zr alloy meet the criteria
for biomaterials in terms of biocompatibility, resistance to corrosion,
mechanical considerations, and ionic cytotoxicity [5]. The addition of
Nb to Ti allows stabilizes the β phase in these alloys and possess im-
proved mechanical properties, and also results in improved wear resis-
tance, while the addition of Zr helps in obtaining the solid solution
required for achieving the hardness [2].

There has been some work reported in the literature on the develop-
ment of Ti-based alloys using arc melting and casting techniques [2,3,
6–12]. However, when there is a broad range ofmelting temperatures be-
tween the alloy constituents, utilization of conventional casting
techniques in the synthesis of Ti-based alloys does not seem to be an
optimal route due to plausible absence of homogeneity in the final alloy.
Therefore, mechanical alloying (MA), a completely solid-state powder
processing technique, can be considered as a promising alternate tech-
nique to combat limitations faced by casting techniques. MA has also
been used successfully in the development of nanostructured materials.
This technique is known to be simple, versatile, economically viable and
can be scaled up to produce large quantities [13]. Powder metallurgy
(PM) processing is also considered to be an effective way in reducing
the higher machining costs of Ti alloys. It has the advantage to produce
a homogenous alloy compared to other techniques, especially when
the alloying element has a higher melting temperature such as Nb [4].
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Fig. 1. XRD patterns of the as-received elemental powders and the blended elemental
Ti–20Nb–13Zr powder milled for 10 h.

Fig. 2. (a) Bright field TEM image and selected area diffraction patterns from the
(b) amorphous and (c) crystalline regions of the Ti–20Nb–13Zr powder milled for 10 h.
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Nevertheless, the production of net-shape parts of MA samples needs to
go through the challenge of consolidation as the product of MA is always
in the powder form. The situation becomes evenmore challengingwhen
the produced alloys from MA are having nanostructures since the high
temperatures associated with conventional consolidation techniques,
such as hot isostatic pressing, can induce undesirable grain growth.

Spark Plasma Sintering (SPS) is considered a non-conventional and
new sintering technique and is classified as a rapid consolidation tech-
nique [14,15]. SPS has already been used by several researchers to
synthesize Ti-based alloys. Xu et al. [16] used MA and SPS to produce
a fine-grained Ti–43Al–9V alloy. Ileana and Oana [17] successfully
obtained the Ti alloy by SPS starting from hydride (TiH2) powders. Stir
et al. [18] used SPS to produce a fully dense CP Ti, Ti–Al–V, and porous
structure in Ti–Al–V–Cr and Ti–Mn–V–Cr–Al alloys. Recently, Wen
et al. [19] developed Ti–Nb–Ag alloys using both conventional vacuum
sintering and SPS. They noted that the fracture strength of the samples
obtained by SPSwas three times that obtained by conventional sintering.
More recently, Hussein, et al. [20] synthesized ultrafine/nanostructured
Nb–Zr alloy with an average grain size between 100 and 300 nm by
MA and SPS. The developed alloy exhibited high corrosion resistance
in simulated human body fluid (SBF) medium. The Nb content was
reported to improve the corrosion resistance of binary Nb–Zr alloy
[21], and to increase the wear resistance of the Ti–Nb–Ta–Zr alloy [22].

In this paper, we report, for the first time, the synthesis of a nano-
structured Ti–20Nb–13Zr (at.%) alloy by MA and SPS techniques. The
Ti–20Nb–13Zr at.% powder alloy were prepared by MA starting from
elemental Ti, Nb, and Zr powders as rawmaterials, and then consolidated
using the SPS technique. The effect of SPS processing temperature on
the final microstructure, microhardness, and densification behavior of
sintered samples was investigated.

2. Experimental methods

Elemental powders of titanium, niobium, and zirconium (of
−325 mesh size and 99.8% purity), supplied by Alfa Aesar, were used
as startingmaterials. The powders were mixed in an atomic percentage
of 20%Nb and 13%Zr (rest Ti). Themixture wasweighed and loaded in a
tungsten carbide vial with tungsten carbide balls to give a ball to pow-
der weight ratio of 10:1. The powders were mechanically alloyed
(MA) for 10 h under argon atmosphere in a planetary ball mill (Fritsch
Pulverisette 5) with a rotational speed of 300 rpmwithout the addition
of any process control agent to avoid contamination of the powder. The
MA'd powders were sintered using the spark plasma sintering (SPS)
machine (FCT system-model HP D5, Germany). The powders MA'd for
10 h were loaded into 20 mm graphite die and punch. A thin graphite
foil was used between the powders and the die to facilitate sample
ejection after sintering and to reduce the friction between the die
walls and the powders. The SPS experiments were conducted in vacu-
um at a pressure of 50 MPa. The heating rate and holding time were
selected to be 100°K/min and 10 min, respectively. The sintering tem-
peratures were chosen to be 800, 900, 1000, 1100, and 1200 °C. A ther-
mocouple inserted into the die was used to measure the temperature.
After SPS, the sample was polished to remove surface contamination
from carbon. From the previous work of the authors [20], we found that
the samples sintered at holding time of 10 min possess higher micro
hardness compared to the samples sintered at 15, and 25 min, as the
increase in holding time results in higher growth of the grains and ulti-
mately lower hardness values [20]. Also, we found that the decrease in
heating rate from 100 to 50°K/min enhance the HV [20]. However, it
leads to increase in the grain size (unpublished results). So, we used in
this study heating rate and holding time of 100°K/min and 10 min
respectively to minimize the grain growth.

The phases present in the MA'd powders and SPS samples were
studied via X-ray diffraction (XRD) using the AXSD8 Bruker machine
with Cu-Kα radiation and at a scanning speed of 1°/min. A field emis-
sion scanning electron microscope (FE-SEM), (Tescan Lyra-3) equipped
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with the energy-dispersiveX-ray (EDX) analysiswas used to characterize
themorphology of the powders, microstructures, and chemical composi-
tions for both the MA'd powders and SPS samples. The microstructures
were also examined using a transmission electron microscope (TEM:
Tecnai G Series operated at 200 keV). The SPS samples were etched
with 10%HF solution for 5 s to reveal the microstructural details on
FE-SEM. A hardness tester (Buehler, USA) with 500 g load and 10 s
dwell time was used to measure the microhardness of the consolidated
samples after polishing. The density determination kit (Mettler Toledo)
was used to measure the density of the sintered samples based on
Archimedes principle. The reported values were the average of ten mea-
surements for HV and three measurements for the density.

3. Results and discussion

Fig. 1 shows the XRD patterns of the as-received elemental powders
and the Ti–20Nb–13Zr powder blend afterMA for 10 h. All the expected
Fig. 3. SEM micrographs of (a) as-received Ti–20Nb–13Zr blended powders, (b) SE
peaks for the as-received powders are present. However, after 10 h
of milling, the intensity of the diffraction peaks decreased and the
peak width increased due to accumulation of mechanical strain and re-
duction in the crystallite size [23,24]. The XRD pattern of the powder
after milling for 10 h shows a mixture of the β-Ti phase, and a partial
amorphous phase as evidenced by the diffraction peaks replaced by a
broad diffuse halo at the position of the (110) peak of Nb and another
peak at the (211) peak position of Nb. It may be useful to remember
here that both β-Ti and Nb have the same crystal structure and almost
similar lattice parameters. That is why the β-Ti peaks are coinciding
with those of Nb. The dissolution of Nb and Zr into Ti and formation of
partial amorphous phasemay be due to evolution of crystal defects dur-
ing MA [23]. Formation of a partially amorphous phase was earlier re-
ported by the authors at the same MA conditions in the binary Nb–Zr
system [25,26]. To confirm the results obtained from XRD, a TEM
study was conducted. Fig. 2 shows the bright field (BF) image and se-
lected area diffraction patterns (SADP) of the Ti–20Nb–13Zr powder
image of powder milled for 10 h, and (c) BS image of powder milled for 10 h.
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milled for 10 h. Some regions in the powdermilled for 10 h clearly show
the presence of an amorphous phase. This is confirmed from the high-
resolution TEM micrograph that shows the salt-and-pepper like con-
trast (Fig. 2a) and the presence of a broad diffuse halo in the diffraction
pattern (Fig. 2b). The existence of a crystalline phase is also confirmed
by the presence of sharp diffraction rings (Fig. 2c). This clearly suggests
the co-existence of both amorphous and crystalline phases in the Ti–
20Nb–13Zr powders milled for 10 h, confirming the XRD observations.

Fig. 3 presents the SEM micrographs of the Ti–20Nb–13Zr powder
blend showing the morphology before and after MA. It can be seen
that the raw initial powder blend before MA has different irregular
and elongated shapes with an average particle size of 23 μm for Ti and
Nb and 31 μm for Zr. The secondary electron (SE) and back scattered
(BS) images showing the morphology of the Ti–20Nb–13Zr powder
after MA for 10 h are shown in Fig. 3(b) and (c), respectively. By com-
parison, it is clear that the average particle size in the MA condition is
reduced and that the shape of the powder particles is spherical and
more uniform compared to the irregular shape that existed in the as-
received powders. Some large particles have also appeared due to
agglomeration of the smaller particles and excessive cold welding.

Additionally, EDX elemental mapping was done to reveal the distri-
bution of the constituent elements in the MA'd powders. Fig. 4 shows
the homogeneous distribution of Ti, Nb, and Zr in the whole area,
confirming effective alloying of the powders on milling for 10 h. MA
was stopped at this time as the target of homogeneous distribution
Fig. 4. EDX mapping of the element distribution in the Ti–20Nb–13Zr p
of the alloying elements has been achieved and also because further
milling could lead to contamination from balls and vials.

Fig. 5 shows the FE-SEM images of the Ti–20Nb–13Zr MA'd powder
subjected to SPS at different temperatures. It is clear from the micro-
structure of the sample sintered at 800 °C and 900 °C, Fig. 5 (a and b),
that densification is incomplete, as evidenced by the presence of poros-
ity in the samples. The brighter particles in the back-scattered images of
the samples sintered at 800 °C to 1000 °C represent Nb [4]. These Nb
particles dissolve in both the β and α regions with increasing sintering
temperatures. It appears that the Nb particles have completely dis-
solved in the samples sintered at temperatures higher than 1000 °C
and this is in conformity with the results reported earlier [4]. The disso-
lution of Nb continueswith increasing sintering temperature, associated
with increasing volume fractions of both the β-Ti andα-Ti (hcp) phases
[4]. At 1000 °C, Nb still continued undissolved and the equiaxed micro-
structure of α uniformly distributed in β-matrix can be clearly seen.
The microstructural features of the samples sintered in the range of
1100–1200 °C shows the β-Ti (bcc) matrix surrounded by the α-Ti
(hcp) region. Simultaneous with the complete dissolution of Nb, the
alloy is chemically homogenized at SEM resolution level. It can be
inferred from the BS-FE-SEM that the dark phase was α, and the bright
phase was β. The microstructural features obtained by SPS of our
samples are different from those obtained by conventional sintering of
the blended elemental Ti–13Nb–13Zr powder sintered by conventional
methods at temperatures ≥1400 °C [4]. Ti–13Nb–13Zr sintered by
owder milled for 10 h: (a) scanned area, (b) Ti, (c) Nb, and (d) Zr.
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conventionalmethods showedfineplate-likeα+β structurewithα on
the grain boundaries [4]. However, in our alloy sintered by SPS, we ob-
served an equiaxed microstructure of α uniformly distributed in the β-
matrix. The equiaxed structure in Ti-based alloys has been reported to
possess a better combination of lowelasticmodulus andhigher strength
compared to the lamellar or acicular structure [27].

The EDX results from 6 different locations in the Ti–20Nb–13Zr
sample sintered at 1200 °C reveal that the average composition of the
β phasewas Ti–25.26Nb–13.37Zr (at.%). whereas theα phase contained
Ti-18.53Nb–13.84Zr (at.%). The EDX results clearly confirm that the
higher Nb content in the β-phase (25.26 at.%) preferentially stabilizes
the β phase. Zr is reported to stabilize both α and β phases in titanium
alloys, and accordingly, the Zr content was almost the same (13.4–
13.8 at.%) in both the α and β-phases.
Fig. 5. FE-SEM images of the Ti–20Nb–13Zr alloy after SPS at: (a) 800 °C, (b) 900 °C, (c) 1000 °
image while the one on the right hand side shows the secondary electron image.
Fig. 6 shows the XRD patterns of the Ti–20Nb–13Zr alloy subjected
to SPS at different sintering temperatures. The samples sintered at
800 °C, 900 °C, and 1000 °C revealed peaks from β-Ti, α, and ἃ ortho-
rhombic martensitic phase. The analysis of XRD pattern is challenging
as the peaks of Nb and β phase are nearly the same. However, an accu-
rate analysis of the XRD patterns together with the SEM/EDX informa-
tion confirms that the obtained peaks are for the β phase. The peak
intensity of the β phase is higher than that of α phase indicating that
the percentage of β phase is higher than that of theα phase. The inten-
sity of theἃ (martensitic metastable phase) peak is very low suggesting
that it is present only in minor amounts. By increasing the SPS temper-
ature, the amount ofἃ decreased and larger amounts of the equilibrium
phases (β andα) are formed. These resultsmatchedwith the results ob-
tained from FE-SEM. The results from both BS-FE SEM and XRD
C, (d) 1100 °C, and (e) 1200 °C. The figure on the left hand side shows the back scattered



Fig. 6. XRD patterns of the Ti–20Nb–13Zr alloy subjected to SPS at different sintering
temperatures. Note that the amount of the β-phase increased with increasing SPS
temperature.
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suggested that dissolution of Nb continued till 1000 °C, as indicated by
the existence of Nb peaks in addition to those of β, α, and ἃ phases
in the samples sintered at 800 °C, 900 °C, and 1000 °C. The increasing
intensity of the β-phase peaks with increasing sintering temperature
clearly confirmed that the amount of the β phase increased due to
dissolution of Nb. Above a sintering temperature of 1000 °C, all the Nb
has probably completely dissolved as inferred from the microstructural
analysis.

To study the effect of SPS temperature on the densification behavior
and Vickers hardness of Ti–20Nb–13Zr alloy, the samples were sintered
at heating rate of 100°K/min and 10 min holding time while the
sintering temperature was varied. It is clear from Fig. 7(a) that the rela-
tive density increased with increasing sintering temperature due to a
decrease in the porosity that existed in the specimen. The rate of pore
Fig. 7. (a) densification, and (b)Vickers hardness of Ti–20Nb–13Zr alloy after SPS at different
temperatures.
elimination increased by increasing the SPS temperature which leads
to an increase in the relative density of the sample. The samples show
a relative density of 96.7% when sintered at 800 °C, which increased
slowly with increasing sintering temperature till 99.5% at 1200 °C. The
same trend of results was also reported [28,29]. The Vickers micro-
hardness of the samples also increased with increasing sintering tem-
perature (Fig. 7(b)); this may be due to a decrease in the number of
pores in the resultant sample during heating and the improved contact
between the powder particles, even though the trend was slightly
different from that of densification [30,31]. The HV increased from
619 at 800 °C to 670 at 900 °C. As can be seen fromFig. 7(b), thehardness
of the sample sintered at 1000 °C showed a decrease and then the values
started to increase slowly again to 658 at 1200 °C. This latter increase in
hardness from 1000 °C to 1200 °C could be attributed to the increased
homogeneity in themicrostructure. The sample sintered at 900 °C exhib-
ited the highest hardness, even though there is substantial variation
in the value with a standard error of 24.4 among all the samples.
(This deviation may be related to the different features of the micro-
structure obtained at 900 °C).

Taddei et al. [32] synthesized the Ti–35Nb–7Zr–5Ta alloy by mixing
the metallic powders and cold isostatic pressing and subsequently
densifying by conventional sintering. Full densification was achieved
at a high sintering temperature of 1700 °C [32]. Also, in the Ti–13Nb–
13Zr alloy developed by conventional sintering, the relative density
varied between 93 and 97% after sintering at 1400 °C [4]. Compared to
these results, it is clear that we were able to obtain by SPS, near fully
density in the Ti–20Nb–13Zr alloy, at a much lower temperature. The
reason for obtaining a high density in SPS at a relatively lower temper-
ature was due to the ionization of the particles by local sparking during
SPS, which causes melting of the titanium oxide films and formation of
neck junctions between powder particles at lower temperatures [33].
Additionally, the plasma generated during the SPS process enhances
the properties of the sintered powders due to acceleration of interdiffu-
sion between atoms [34].

The hardness and the types of phases present in the nanograined
Ti–20Nb–13Zr alloy investigated in this study aswell as those other alloys
developed for biomedical applications are summarized in Table 1. The
listed compositions are in weight percentage unless mentioned other-
wise. The hardness values for the samples sintered by SPS are higher
than those obtained by conventional sintering methods. These results
are in agreementswith [35,36]. According to [35] among three consolida-
tion techniques used (SPS, Microwave Sintering (μWS), and Hot Isotactic
Press Sintering (HIS), SPS consolidated samples showed the highest HV
values. The same conclusion was also drawn by [36], where the HV of
SPS of Al6061 and Al2124 alloys samples was also higher than samples
sintered by μWS technique.

The increase in hardness of the nanocrystalline materials may be
related to the effect of higher dislocation density of smaller grain size
[37,38]. According to [39] a high dislocation density was observed in
the nanograins sintered by SPS at 950 °C.
Table 1
Comparison of HV and phases in titanium alloys studied.

Alloy composition Consolidation
technique

Phases HV Reference

Ti–13Nb–13Z Conventional
sintering

α′ 290 [3]
Ti–13Nb α′ 340
Ti–6Al–4 V 500
Ti–13Nb–13Zr Conventional

sintering
α + β 300 [4]

Ti–43Al–9V (molar ratio) SPS γ-TiAl + α2
Ti3Al + B2

592 [16]

Ti–35Nb–7Zr–5Ta SPS α + β 531–668 [45]
Nanocrystalline
Ti–20Nb–13Zr (at.%)
alloy developed in
this study

SPS α + β 660



Fig. 8. TEM bright field image of the SPS sample sintered at 1200 °C showing equiaxed
microstructure of α uniformly distributed in β-matrix.
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According to Hall–Petch relationship, the yield strength is dependent
on the grain size and for Vickers indentation, the yield strength (σys) is
related to hardness (HV) as HV/σys = 3. Therefore, any increase in
grain size of SPS samples can result in decrease in hardness [36]. The limits
of Hall–Petch relationshipwas reported to be about at about 20 nmmean
grain size [40]. In the current study, the average size of 70–140 nm was
obtained, so theHall–Petch relationship is valid, therefore, theHV increase
by decreasing grain size. According to [39] the micron-sized grains
obtained by SPS did not exhibit a high dislocation density due to the
recrystallization process during SPS, however, a high dislocation density
was observed in the nanograins sintered at 950 C.

In addition, as shown in Table 1, SPS promotes the formation of β
phase compared toα′ (hexagonal martensite structure) phase obtained
by conventional sintering of Ti–13Nb–13, Ti–13Nb, and Ti–6Al–4V
alloys [3]. The Ti–20Nb–13Zr alloy is harder than the Ti–13Nb–13Zr
alloy as well as Ti–6Al–4V, due to the increased Nb content, which
was reported to enhance the wear resistance of Ti-based alloys [22,41].

One of the criteria that should be stratified in the biomaterial is
to have a high wear resistance and exhibit a low friction coefficient
when sliding against body tissues to avoid loosen of the implant [42].
The wear resistance is related to the hardness of the materials [41].
The results presented in Table 1 shows that the hardness of the alloy
obtained by SPS is higher than obtained by conventional sintering
techniques. It was reported in literature that the hardness of the devel-
oped alloy depend on the fabrication techniques. For examples, HV of
Fig. 9. The biomimetic advanta
(Co–Cr–Mo) orthopedic alloy sintered by SPS are (683–797) [43].
However, HV of Co–Cr samples fabricated with a direct metal laser
sintering (DMLS) technique was reported to be (277–482) [44]. In
addition to Forged CoCr alloys exhibit higher wear resistance (related
to higher hardness) than cast Co–Cr alloys [41]. For Ti based alloys, the
adding Nb to Ti alloys enhances the wear resistance of these alloys
because of the increase in the hardness of the alloy [41].

Fig. 8 shows the TEMbrightfield image of the SPS sample sintered at
1200 °C. The structure isβ-Ti (BCC)matrix (bright)which is surrounded
by the (hcp) phase (gray). The average grain size of the dispersed
α phase varied between 70 and 140 nm.

The chemical compositions obtained from EDX attached to TEM of
the sample sintered at 1200 °C confirmed the coexistence of β phase
(white areas) with composition of Ti–(28 ± 1)Nb–(15.6–16.1)Zr (at.%),
and α phase phases (gray areas) with composition of Ti–16.3Nb–(15 ±
1)Zr (at.%) in the obtainedmicrostructure. It is clear from the EDS results
that β phase is Nb rich phase as the Nb is preferential stabilization of
that phase. However, Zr is stabilizer for both α and β phases. Which
confirm the results obtained by XRD and FE-SEM. These results are in
agreement with a trend of results reported in [4].

It has been reported that nanophase materials possess unique
surfaces and exceptional mechanical properties similar to those of the
human bones; hence they are considered to be the future generation
orthopedic biomaterials [46]. Nanocrystalline alloys possess higher
surface energy and larger surface area than coarse-grained materials
whichwill lead to enhanced interactionwith cells resulting in enhanced
proliferation and cell attachment on the nanocrystalline alloy [47].
It was also reported that the surface of metallic materials which possess
low micron to nanophase topography enhanced the adhesion of osteo-
blast (the cells that create thematrix of bone) [48]. Moreover, the nano-
structured alloys have better compatibility compared to their coarse-
grained counterparts [49]. The bioactive surface of the developed
nanostructure alloy promotes greater amount of protein adsorption to
stimulate new bone formation than conventional structure as shown
in Fig. 9 [50]. In the nanograined materials the number of atoms on
the surface is very high and hence possesses large surface energy.
Moreover, due to the dimensional similarity to bone/cartilage tissue,
nanomaterials also exhibit unique surface properties (such as surface
topography, surface chemistry, surface wettability and surface energy)
[50]. These advantages of nanocrystalline alloys suggest that the devel-
opednanostructured Ti–20Nb–13Zr alloy is highly suited for biomedical
applications as an implantmaterial in dental and orthopedic applications.

A study of the biocompatibility and corrosion resistance in the
simulated body fluid of the developed alloy is very interesting and
important for the biomaterials requirements. These investigations are
currently in progress and the results will be presented and published
independently.
ges of nanomaterials [50].
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4. Conclusions

NanostructuredTi–20Nb–13Zr near-β alloywith enhancedmechanical
properties was fabricated by mechanical alloying and subsequent spark
plasma sintering technique. The main conclusions drawn from the results
obtained are as follows:

1. A newnanostructured Ti–20Nb–13Zr near-β alloywas developed for
biomedical applications. The newalloy contains non-toxic: Ti, Nb and
Zr to replace the existing Ti–Al–V which contains toxic elements.

2. Themicrostructure of the obtained alloy contains a two phase region,
β-Ti (bcc) andα-Ti (hcp). The equiaxedβ-Ti (bcc)matrix is surrounded
by α-Ti (hcp) regions, exhibiting an equiaxed structure and chemical
homogeneity.

3. The developed nanostructured alloy exhibits a maximum micro-
hardness HV of 660, a value higher than reported in the literature.

4. The developed nanostructured Ti–20Nb–13Zr alloy is suggested for
biomedical applications as in implant material in dental and ortho-
pedic applications.

5. Solid state synthesis and SPS method is beneficial in prevention of
grain growth and synthesis of nanostructured alloys for biomedical
applications.
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