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Despite the importance of Nb–Zr alloys as candidate materials for biomedical applications, little attention
has been given to their processing and the development of new or improved structures. Here, we explore
the viability of synthesizing a nano/sub-micron grain structured Nb–Zr alloy through the use of mechan-
ical alloying (MA) and spark-plasma sintering (SPS). The sintered samples were characterized through
measurements of densification, Vickers hardness (HV), X-ray diffractometry (XRD) and transmission
electron microscopy (TEM). The effect of the SPS parameters on the microstructure and mechanical prop-
erties of the sintered alloys was also investigated. Moreover, electrochemical corrosion analyses were
performed by a means of a conventional three-electrode cell to assess the corrosion resistance of the
developed alloys in Simulated Body Fluids (SBF) medium. A nano/sub-micron grain structured Nb–Zr
alloy with an average grain size of between 100 and 300 nm was produced using the MA-SPS techniques.
A maximum hardness and relative density of 584 HV and 97.9% were achieved, respectively. Moreover,
the nano/sub-micron grain structured Nb–Zr alloy exhibited higher corrosion resistance in SBF medium,
which makes this alloy is a promising candidate for use in biomedical applications.

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

Nb and Zr are desirable elements for the use in biological sys-
tems and biomedical applications thanks to their biocompatibility,
resistance to corrosion, mechanical integrity and ionic cytotoxicity
[1,2]. Nb–Zr alloys can be processed via multiple routes, but the
longstanding challenge is to develop improved microstructures
that possess attractive properties. These alloys show a positive
heat of mixing that has a magnitude that ranges from 6 to
17 kJ mol�1 [3–6]. Thus, conventional processing might not be suit-
able for these alloys and the use of non-equilibrium processing
techniques for the development of the underlying microstructures
gained considerable attention in recent years [7]. Mechanical alloy-
ing (MA) is one of the non-equilibrium processing techniques that
is capable of producing alloys with improved properties, despite its
simplicity. It consists of repeated cold welding, fracturing and
re-welding of powder particles in a high-energy ball mill [8]. In this
technique, phase diagram restrictions do not apply, and
non-equilibrium phases are achieved. To date, only little attention
was given to the use of MA to produce alloys made up of immisci-
ble Zr and Nb.

One of the greatest challenges faced in powder metallurgy is
identifying an appropriate sintering technique that can retain the
developed microstructure while preventing or minimizing unde-
sirable grain growth. Conventional sintering techniques usually
lead to undesirable grain growth, reduced densification and loss
of mechanical strength due to the long sintering time and high
temperature required [9]. Among the sintering processes that have
been developed thus far, SPS is proofing to be effective in yielding
fully dense metallic materials at relatively low temperatures and in
very short sintering times [10,11]. Such conditions are capable of
preventing/reducing grain growth and minimizing the formation
of undesired secondary phases that degrade the properties.
Moreover, the use of SPS is straightforward and does not require
pre-compaction of the starting powder. Recently, Wen et al. [12]
studied the effect of sintering using Spark plasma and Vacuum
arc melting on Ti–Nb–Ag alloy. The results showed that the alloy
sintered by SPS possessed fracture strength values that are three
times compared to the alloy sintered by conventional sintering.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2015.06.003&domain=pdf
http://dx.doi.org/10.1016/j.matdes.2015.06.003
mailto:mahussein@kfupm.edu.sa
mailto:Surya@ucf.edu
mailto:madhankumar@kfupm.edu.sa
mailto:naqeeli@kfupm.edu.sa
mailto:naqeeli@kfupm.edu.sa
http://dx.doi.org/10.1016/j.matdes.2015.06.003
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes


Table 1
SPS processing conditions.

Sample
no.

Temperature
(�C)

Holding time
(min)

Heating rate
(�C min�1)

Pressure
(MPa)

1 1300 10 100 50
2 1300 15 100 50
3 1300 25 100 50
4 1400 10 100 50
5 1500 10 100 50
6 1300 10 50 50
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Furthermore, Bláhová et al. [13] successfully obtained a fine struc-
ture with enhanced mechanical properties, and higher hardness of
400 HV5 when using a combined approach of MA + SPS for
Al–10Si–21Fe and Al–20Si–16Fe alloys. In general, SPS was
reported [14] to facilitate the possibility of fabricating advanced
alloys and composites as well as development of high precision
technological parts. By using SPS, finer grain size and higher
densification can be achieved at lower holding times and sintering
temperatures compared to conventional sintering.

Multiple studies have considered the use of SPS to produce
Nb-based alloys in different systems, for example Nb–Al, Nb–Al–
W, Nb–Al–Mo and Nb–Al–N [15]. Although fully dense alloys were
achieved in the Nb–Al system, inhomogeneous microstructures
have been obtained in the Nb–Al–W and Nb–Al–Mo systems due
to insufficient sintering time, which highlights the need for careful
tuning of the SPS process [15]. Moreover, SPS has been used to
produce Nb–Si–Cr and Nb–Si–B alloys and the resultant
microstructure, oxidation behavior, mechanical and physical
properties have been studied [16,17]. SPS has been also used to
produce Nb–Si alloys with a densification exceeding 99.5% [18].
In other work [19], Nb/Nb5Si3 composites were successfully
prepared using SPS, with the resulting alloys almost fully dense
and with high compressive ductility in addition to high strength.
High-density (approximately 97.7%) NbB2 was obtained in yet
another study [20] by SPS from elemental powders of Nb and B
sintered at 1900 �C for a holding time of 15 min. In a recent study
[21], zirconium micron-alloyed tungsten with a relative density of
97% was prepared using SPS. In their work, nanostructured ZrO2

particles were also formed due to reaction between impurity O2

and Zr.
As for the utilization of alloys into the biomedical field, most of

the work was done on Ti–6Al–4V. In general, for the utilization of
these alloys as biomedical implants, characterization usually goes
beyond mechanical evaluation to include biocompatibility, toxic
effect, and corrosion resistance. For the Ti64 alloy, it was reported
that V and Al possess lower resistance to corrosion, have a proba-
ble toxicity [22], and possibly causing mutagenic cytology and
allergic reactions [23]. Therefore, other elements were considered
in the design and development of biomaterials, which included
Ni and Cr. Nevertheless, Ni is showing low biocompatibility while
Cr has concerns over its genotoxicity [1]. On the other hand, Zr and
Nb meet the criteria for biomaterials in terms of biocompatibility,
resistance to corrosion, mechanical considerations, and ionic cyto-
toxicity [1]. Both niobium and zirconium are highly passivating
metals [24,25] and it was proven that the amount of released
metallic ions from Nb–Zr alloy into physiological media is small
(<0.3 mg L�1) [26]. In particular, the addition of Zr was found to
result in a high level of blood compatibility when used as implants
and leads to better corrosion resistance due to the formation of a
stable oxide surface layer. However, little work was done to unra-
vel the possible utilization of Nb–Zr alloys as biomedical implants
and to adequately assess their properties. Some of the few litera-
ture include the work of Zhou et al. [2] in which they developed
Zr–xNb alloys, where x = (2.5, 16 and 22) wt.% using vacuum
arc-melting method. They studied the effect of Niobium content
on the corrosion properties of the developed alloys. Their results
showed that the corrosion resistance of the alloy increased by
increasing Nb content. In another study, Rubitschek et al. [27]
studied the corrosion resistance of ultrafine-grained (UFG)
Nb–2Zr wt.% alloy processed using multipass equal channel
angular processing (ECAP) in SBF. They showed that the UFG alloy
possessed appreciable corrosion resistance. As the use for nanoma-
terials is increasing it is expected that nanophase materials would
contribute significantly in the future generation biomedical
implants. This is primarily due to the fact that they possess unique
surfaces and exceptional mechanical properties similar to those of
the human bones, in addition to offering better biocompatibility
compared to coarse grain structure.

Therefore, the aim of this work is to use MA and SPS to synthe-
size a bulk nano/sub-micron grain structured Nb–Zr alloy for the
first time with an optimized structure. The alloy will be character-
ized using variety of advanced techniques and will be tested for its
electrochemical behavior by immersion in SBF medium. We envi-
sion that this new approach will pave the way for the development
of high-performance Nb–Zr alloys for biomedical applications.
2. Materials and methods

2.1. Synthesis and consolidation of powders

The elemental Nb and Zr powders used in the current study
(�325 mesh, 99.8% purity) were acquired from Alfa Aesar, USA. A
nominal composition of Nb60Zr40 (values in at.%) was prepared
and then milled for 10 h in a planetary ball mill (Fritsch
Pulverisett 5) under an Ar atmosphere at a ball:powder ratio of
10:1. The rotational speed was 300 RPM. Both the milling vial
and milling balls were made of WC without the addition of any
process control agent to minimize the contamination of the milled
powders. An SPS machine (FCT system-model HP D5, Germany)
was used for the consolidation of the powders. The samples were
sintered using a pressure of 50 MPa under vacuum and holding
times of 10, 15 and 25 min were applied. To study the effect of
sintering temperature on the resulting microstructure, three differ-
ent temperatures – 1300, 1400 and 1500 �C – were applied at a
constant heating rate of 100 K min�1. Table 1 summarizes the
processing conditions and combinations used. The sintering
temperature was measured using a thermocouple inserted in the
20-mm-diameter sintering die of the SPS machine. 10–12 g of
powder were used to produce a sample measuring approximately
20 mm in diameter and 5 mm in thickness. The die was filled with
the powders and a graphite sheet was used to facilitate the
removal of the specimen and to minimize the friction between
the powders and die walls.

2.2. Materials’ characterization

A JEOL SEM was used to study the morphology and microstruc-
ture of as-received, as—milled. XRD measurements were carried
out using an AXSD8 Bruker machine with Cu Ka radiation
(k = 0.1542 nm) and a scanning speed of 1� min�1 (at a voltage of
40 kV and a current of 40 mA). Following SPS, the density of the
sintered samples was measured based on the Archimedes’ princi-
ple using a density determination kit supplied by METTLER
Toledo. The reported density is the average of three measurements.
Transmission Electron Microscopy (TEM: Tecnai G Series operated
at 200 keV) was used to unravel the structure of the as-milled and
consolidated alloys in selected cases. A digital hardness tester
(Buehler, USA) was used to measure the Vickers hardness (HV)
under 2-kg loads over an indentation time of 12 s. The reported
hardness is the average of 10 measured values.



Fig. 1. SEM micrographs of as-received (a) Nb, (b) Zr powders, (c) shows Nb60Zr40

powders milled for 10 h.
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2.3. Electrochemical testing

Electrochemical corrosion analyses were performed by means
of a conventional three-electrode cell with the Gamry Instrument
potentiostat/galvanostat/ZRA (Reference 3000). A saturated calo-
mel electrode (SCE) was used as a reference electrode and a plat-
inum foil as a counter electrode. The simulated human body fluid
(SBF) solution was used as electrolyte for electrochemical charac-
terization. The preparation of SBF and the procedure for conducting
the experiments was adopted using an earlier report [28]. The
exposed area of each sample was 1 cm2. Electrochemical impe-
dance spectroscopy (EIS) measurements were done in a frequency
range from 100 kHz to 10 mHz with a sinusoidal AC voltage of
10 mV amplitude. The results of the EIS data are represented as a
Nyquist plot. The potentiodynamic polarization curve was mea-
sured from 250 mV below the corrosion potential to 1500 mV with
a scan rate of 0.197 mV s�1. In order to test the reproducibility of
the results, the experiments were performed in triplicate.

3. Results and discussion

The as-received starting materials and the milled product pow-
ders had different morphologies and sizes. Fig. 1(a) and (b) shows
SEM images of the as-received Nb and Zr powders. Both the Nb and
Zr particles exhibit different, irregular shapes and are slightly elon-
gated. The average particle size was 22.6 and 31.0 lm for Nb and
Zr, respectively. Typical SEM micrographs of milled Nb60Zr40 pow-
ders are shown in Fig. 1(c). Compared to the as-received morphol-
ogy, after milling, the average particle size was reduced and the
shape of the powder particles looks spherical and more uniform.
However, due to the excessive cold welding and agglomeration
of small particles, some large agglomerates were observed.

In order to ascertain structural differences caused by the milling
process, the XRD patterns of the Nb60Zr40 powder mixtures
were analyzed in the as-received and after 10 h of milling.
Additionally, XRD patterns for the sintered samples are shown in
Fig. 2. Sintering was carried out under a variety of sintering condi-
tions, i.e. three different temperatures (1300, 1400 and 1500 �C)
and three different holding times (10, 15, and 25 min). Under all
the as-sintered conditions, typical diffraction peaks of Nb and the
FCC phase were observed. In our previous work [29], the formation
of the FCC phase was achieved after prolonged milling (for approx-
imately 70 h) of Nb60Zr40 powder and was attributed to the
mechanical energy imparted by the milling process as there was
no consolidation involved. However, in the present work, the
observed formation of the FCC phase is attributed to the substan-
tial heating applied during SPS within a very short period of time.
This effect can be explained by the equivalency between the
mechanical energy and heating of the alloy to high temperature,
as reported previously [8]. O. Guillon et al. [30] reported that SPS
could be used in the sintering of non-equilibrium materials in their
metastable state due to the exposure to high temperature and
pressure in a short period of time. The resulting non-equilibrium
phase combinations are primarily due to the high cooling rates
associated with SPS [31]. For instance, non-equilibrium composites
of cubic boron nitride-based composites were successfully
obtained by SPS [32]. Also, MA of CoCrFeNiMnAl alloy led to a
BCC phase, nevertheless, both FCC and BCC phases were formed
after SPS [33].

Additionally, as shown in Fig. 3, the Nb(110) peak is shifted
towards a lower angle due to the dissolution of Zr atoms in the
Nb matrix and the formation of a Nb(Zr) solid solution [34]. By
increasing the sintering time and temperature and decreasing the
heating rate, the peak shift becomes more pronounced, indicating
the further dissolution of Zr in the Nb matrix and the formation
of a solid solution.
The XRD patterns clearly show that the increase in SPS temper-
ature from 1300 �C in Fig. 2, 2–1500 �C in Figs. 2–5 does not yield a
major transformation in the resultant phases. The only change
observed is in the relative intensity of peaks, which is triggered
by the increase in temperature. The same argument also holds
for the effect of increasing the holding time from 10 to 25 min,
which led to a minute change in the relative intensities of peaks.

On the other hand, Fig. 4(a) shows the TEM results of the SPS
sample at a temperature of 1300 �C, holding time 10 min, and heat-
ing rate of 50 �C min�1. It is clear from these figures that the
microstructure is not uniform and shows heterogeneous character-
istics. According to the EDS analyses, the brighter regions are pure
Nb, and Nb-rich solid solution (white contrast), and other regions,
which contain alloyed Nb and Zr (grey contrast). The figure also



Fig. 2. XRD patterns of as-milled and SPSed Nb–Zr alloy under different conditions.
(a) As-received, (b) Milled for 10 h, subjected to no SPS post-milling, (1–6) Milled
for 10 h, subjected to SPS post-milling under different conditions: (1) 1300 �C,
10 min, 100 �C min�1; (2) 1300 �C, 15 min, 100 �C min�1; (3) 1300 �C, 25 min,
100 �C/min; (4) 1400 �C, 10 min, 100 �C/min; (5) 1500 �C, 10 min, 100 �C min�1; (6)
1300 �C, 10 min, 50 �C min�1.
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shows the presence of equiaxed grains having an average size of
100–300 nm, which highlights the benefits of using SPS in sinter-
ing these powders and the ability to retain the developed nanos-
tructure. In fact the presence of the nano/sub-micron grain
structured alloys was reported to be promising for the use as
orthopedic implants due to enhancement of osteoblast adhesion
on nano-grained metals compared to coarse-grained metals [35].
Nano/sub-micron grain structured have been reported also to
improve cell-material interaction, which leads to enhanced cell
attachment on the nanocrystalline alloy [36], in addition to better
compatibility compared to coarse-grained structure [37].

Moreover, Fig. 4(b), show the presence of stacking fault defects
in the crystal structure, which is attributed to the difference in
crystal structures between the alloy’s constituents, i.e. Zr is HCP
while Nb is BCC. The high-resolution image in Fig. 4(c) shows
Moiré fringes in which the superimposed grains are showing a
slight difference in orientation. SAED in Fig. 4(d) shows ring pat-
terns recorded from relatively small-sized grains (commonly
Fig. 3. The shift of the Nb(110) peak under different SPS conditions.
(a) As-received, (1) 1300 �C, 10 min, 100 �C min�1; (3) 1300 �C, 25 min,
100 �C min�1; (5) 1500 �C, 10 min, 100 �Cmin�1; (6) 1300�C, 10 min, 50 �C min�1.
referred to as powder patterns). These spots are observed, as there
are not enough grains to give a continuous ring pattern. This
clearly suggests that grain sizes are not large enough to get a single
crystal spot diffraction pattern.

The consolidated samples were evaluated through microstruc-
ture, density, and Vickers hardness measurements. Fig. 5 shows
the Vickers hardness and density measurements of the SPSed
Nb–Zr alloy as a function of the sintering holding time; for samples
sintered at 1300 �C at a heating rate of 100 �C min�1. It seems that
hardness decreases with the increase in holding time, with a max-
imum hardness value of 563.6 HV achieved at a 10-min holding
time. This behavior is expected as the increase in holding time will
lead to higher growth of the grains and ultimately lower hardness
values. On the other hand, densification has increased upon
increasing the holding time from 10 to 15 min, which can be
related to the increased flux of heat that is associated with the
increase in holding time. Nevertheless, as the holding time is
increasing from 15 to 25 min the densification is slightly dropping.
As the readings are given with error bars it can be concluded that
the densification did not change as the holding time was increasing
from 15 to 25 min. Both readings seem to be within the errors lim-
itations and, thus, no change in densification can be concluded. It
appears that increasing the holding time beyond 15 min is not
needed as not much densification is achieved and the hardness
seem to be decreasing as a result of having higher holding times.

To explore the effect of sintering temperature on the density
and hardness of the SPS-prepared alloys, we measured the hard-
ness and density of three samples sintered at a heating rate of
100 �C min�1 for a holding time of 10 min (Fig. 6). The trend exhib-
ited by the measurements indicates that the densification is mar-
ginally increased when the sintering temperature is raised to
1500 �C; the same trend was also reported elsewhere [38,39].
However, if we consider the marginal errors in the densification
measurements, it appears that temperature has no pronounced
effect upon densification. In contrast, the increase in sintering tem-
perature considerably increases hardness. 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.
The increase in holding time from 10 to 15 min. increases densifi-
cation; which leads to an increase in grain size and results in
decrease in hardness [40]. According to Hall–Petch relationship,
the yield strength is dependent on the grain size and for Vickers
indentation, the yield strength (rys) is related to hardness (HV)
as HV/rys � 3. Therefore, any increase in grain size of SPSed
samples can result in decrease in hardness [41]. In general, the
increase in sintering temperature leads to reduction of pores and
an increase in grain size, which has positive effect to increase
hardness. These two effects could explain the negligible effect of
temperature on the hardness as shown in Fig. 6.

To study the effect of the heating rate in densification and hard-
ness, a sample sintered at 1300 �C for a holding time of 10 min was
subjected to two different heating rates of 50 and 100 �C/min
(Fig. 7). Sintering at the lower heating rate (50 �C min�1) yields
an alloy with a larger densification (97.9%) and hardness (568
HV). It appears that changing the sintering heating rate has a more
pronounced effect on hardness than on density.

Fig. 8 depicts the potentiodynamic polarization curves for
Nb–Zr alloys at different processing conditions in SBF medium.
Results of potentiodynamic polarization exhibited quite similar
polarization behaviors with the increasing potential, except some
differences in the magnitude of the passive region and passive cur-
rent density. These results were similar to the experimental results
are in good agreement with previously published work [2] for
biomedical Zr–Nb alloys. The corrosion potential (Ecorr), the corro-
sion current density (icorr) and calculated corrosion rate from the
polarization curves are listed in Table 2. As shown in Table 2, the



Fig. 4. The TEM results of the SPS sample at 1300 �C, holding time 10 min, and heating rate of 50 �C min�1: (a) TEM image showing equiaxed grains, (b) high-resolution TEM
micrograph showing stacking fault defects, (c) the presence of Moiré fringes, and (d) Selected Area Electron Diffraction (SAED) Patterns.

Fig. 5. Hardness and densification versus holding time of specimens sintered at 1300 �C for 100 �C min�1.

Fig. 6. Hardness and densification as a function of sintering temperature; sintering performed at 100 �C min�1 for 10 min.
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Fig. 7. Hardness and densification at different sintering heating rates for specimens sintered at 1300 �C for 10 min.

Fig. 8. Potentiodynamic polarization curves for Nb–Zr alloy at different processing
conditions.

M.A. Hussein et al. / Materials & Design 83 (2015) 344–351 349
Ecorr (vs SCE) ranking was as follows: 5 > 4 > 2 > 6 > 1 > 3. In gen-
eral, a higher Ecorr value represents a more noble metal surface
and lower icorr represent a better corrosion resistance [42]. Thus,
Nb–Zr alloy processed at high temperature (1500 �C) has the high-
est corrosion resistance as compared to those of the other speci-
mens. Besides for all the specimens investigated, the anodic
branch of the polarization curve shows passive behavior associated
with the protective films due to the presence of a stable region.
However, the specimens at 1300 �C with the holding time of
10 min do not show obvious passive regions, which indicated the
less corrosion resistance than others. Guo et al. also evaluated
the effect of sintering temperature on the corrosion resistance of
Ti–24Nb–4Zr–7.9Sn alloy prepared by Powder Metallurgy (PM)
method and found that the samples sintered at low temperature
have lower density and more porosity, and then indicate a lower
corrosion resistance whereas, the samples sintered at high
Table 2
Tafel parameters for the Nb–Zr alloy specimens processed at different conditions.

Sample
no.

Ecorr

(mV)
Icorr

(lA cm2 � 10�3)
ba

(mV/dec)
bb

(mV/dec)
Corr. rate
(mpy) �10�3

1 �328 80.25 97 78 56.85
2 �316 34.57 83 69 28.62
3 �331 55.80 67 93 40.81
4 �312 32.40 76 94 19.42
5 �285 30.60 82 87 12.82
6 �319 41.87 92 84 33.52
temperature have a higher density, a less porosity, and indicate a
better corrosion resistance [26]. Accordingly, the corrosion poten-
tial is increasing with the sintering time up to 15 min and then
decreases, implying that sintering time and temperature had sig-
nificant alteration in corrosion behavior of investigated specimens.
In particular, the specimens at sintering time of 25 min exhibited
higher fluctuation in anodic branch, revealing the lower corrosion
resistance in SBF medium.

Further, EIS tests were performed in order to acquire more
information on the behavior of the passive films and the nature
of the electrochemical processes at the interface. Fig. 9 represents
Nyquist plot for Nb–Zr alloys processed at different conditions.
Nyquist plots exhibit incomplete, depressed semicircles with
higher diameters, which obviously suggest a near capacitive
response, a passive film like an insulator [2]. In all cases, only
one time constant is observed in the spectra, and thus, they could
be appropriately simulated using the simplified Randles’ circuit
model, Rs(QdlRct) in the case of a single passive film formed on
the metal surface. The parameters Rs and Rct represented solution
resistance and the charge transfer resistance, respectively.

Qdl was a constant phase element (CPE), which took into
account the non-ideal capacitive behavior of the film. The impe-
dance of the CPE is given by Z (CPE) = [Q(jw)n]�1, where w is the
angular frequency in rad/s and n is the exponential term. While
Q is defined as pure capacitance for n = 1, resistance for n = 0,
and inductance for n = �1 [43]. The fitting results of the EIS data
are shown in Table 3. The fitting quality of the experimental EIS
spectra to the model was recognized from the chi-squared values
Fig. 9. Nyquist plot for the Nb–Zr alloy specimens processed at different conditions.



Table 3
EIS parameters for the Nb–Zr alloy specimens processed at different conditions.

Sample no. Rs (O cm2) Rct (kO cm2) Qdl (lA cm�2) n

1 86.22 564 97.14 94.24
2 80.28 2095 49.23 93.62
3 78.43 1646 68.58 92.54
4 70.50 2398 37.14 93.45
5 85.24 2685 24.35 93.48
6 74.26 1926 54.20 92.10
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in the order of 10�6, demonstrating the good agreement between
experimental and simulated data. Calculated impedance parame-
ters for the specimens processed at different conditions was
follows as: 5 > 4 > 2 > 6 > 1 > 3, implied that the highest value of
total impedance and also the lowest value of the capacitance were
found to be for the specimen processed at high temperature and
optimum holding time of about 15 min. In other words, the
specimens prepared under these conditions showed the highest
corrosion resistance among others, which may be due to the
increasing of Nb–Zr density over alloy surface under these
conditions.

4. Conclusions

A nano/sub-micron grain structured Nb–Zr alloy was
synthesized in-situ by mechanical alloying and using a non-
conventional SPS technique. The sintering pressure was fixed at
50 MPa while the sintering temperature and holding time were
varied. The effects of these sintering parameters on the resulting
microstructure, density, hardness, and electrochemical character-
istics were studied.

1. The combination of MA and SPS proved to be a promising
approach to successfully produce a nano/sub-micron grain
structured Nb–Zr alloy. Specifically, the use of SPS prevented
undesirable grain growth within the nano/sub-micron grain
structured and resulted in a grain size between 100 and
300 nm.

2. XRD revealed the presence of Nb(Zr) solid solution and FCC.
TEM, on the other hand, showed a compositionally heteroge-
neous structure and few stacking faults within the matrix of
the alloy.

3. Hardness seems to depend on the sintering temperature and
holding time, whereas density was insensitive to these variables,
within error margins of the experiments. However, both hard-
ness and density are affected by the heating rate applied during
sintering; by decreasing the heating rate, both the hardness and
densification increase. The developed nano/sub-micron grain
structured alloy exhibits a maximum hardness of 584 HV and
a relative density of 97.9%.

4. The synthesized nano/sub-micron grain structured Nb–Zr alloy
exhibited higher corrosion resistance in SBF medium, implying
that these alloy specimens can be used as excellent implant
materials.
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