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Porous Ti-Nb-xSn shape memory alloys (SMAs) are fabricated by microwave sintering technology. The
microstructures exhibit needle-like morphologies, b(N) (normal straight and crossed needles along with
needle-like morphology that resembles spaghetti or irregular lines with a-phases in between) as well as
plate-like morphologies [normal straight plate-like morphology, a¢¢ and dendritic plate-like morphology,
b(D)]. Increases in Sn addition significantly induce an increase in the density of the a-phase. XRD patterns
exhibited three phases, namely the b-main phase with smaller intensities of a¢¢ and a. Further, the addition
of 0.25% Sn led to more effective improvement in the intensity of the a¢¢-phase compared with 0.5% and
1.5% Sn addition. Additions of Sn also enhanced the fracture strength and its corresponding strain along
with the shape memory effect (SME), where the best enhancement was achieved at 0.25% Sn. The corrosion
rate (Ri) was reduced by rising Sn content, while both corrosion resistance and antibacterial zones were
increased. The lower elastic modulus, as well as the robust mechanical properties and bioactivity, made
these SMAs rather suitable for biomedical application purposes, where the low elastic modulus had value in
terms of avoiding the problem of ‘‘stress shielding.’’
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1. Introduction

Pure Ti and Ti alloys have been widely used as implanting
materials and for clinical repair based on their excellent
mechanical properties, superb corrosion resistance and bio-
compatibility (Ref 1-6). At present, the elastic modulus of Co-
Cr and Ti-6Al-4V is leveraged for orthopedic implant applica-
tions, with greater than 100 GPa (Ref 7), while the elastic
modulus of the bone is between 4 and 30 GPa depending on
measurement direction and bone type (Ref 8, 9). This large
difference between bone tissues and implant devices causes
stress-shielding problems because of bone resorption (Ref 10),
and as such, total hip arthroplasty is necessary based on the
loosening of devices. To overcome the critical issue of stress
shielding, Ti-Nb-based alloys for biomedical applications have
recently attracted much attention, and many alloys with low

elastic modulus as well as robust biocompatibility and high
strength have been developed, e.g., Ti-33.6Nb-4Sn (Ref 11),
Ti-29Nb-13Ta-4.6Zr (Ref 12), Ti-35Nb-5Ta-7Zr (Ref 13), and
Ti-13Nb-13Zr (Ref 14). The existence of pores in titanium
alloys reduces the elastic modulus (Ref 15-17) as well as allows
for the implant cells to grow into the pores and integrate with
the host tissue (Ref 17-19). It was reported by Yang et al. (Ref
16) that porous Ti-(10-35) wt.% Nb alloys were produced by
powder metallurgy (PM) technology and featured low elastic
modulus (Young�s modulus) of 6-15 GPa. Matsumoto et al.
(Ref 20) reported that adding Sn to Ti-Nb alloys can enhance
the strength of these alloys. It is evident the corrosion rate was
reduced after adding Sn, Khalifa et al. (Ref 21) described the
presence of Sn with the oxide layer of TiO2 that improved the
effect of this layer in an aggressive environment, enhanced
corrosion resistance and diminished the Ri, while Ghoranneviss
et al. (Ref 22) noted that pure Sn exhibits antibacterial
properties. Ti-Nb-based alloys can be fabricated by PM through
several methods, including conventional sintering (Ref 23, 24),
metal-injection molding (Ref 25-27), self-propagating high-
temperature synthesis (Ref 28), hot-isostatic pressing (Ref 29),
spark-plasma sintering (Ref 23, 30, 31) and microwave
sintering (MWS). The MWS technique is a relatively new
method for preparing Ti-Nb alloys, and it is considered a novel
sintering method for metals, composites, ceramics and semi-
conductors (Ref 32-34). Overall, MWS has several advantages,
such as an enhanced diffusion process, reduced energy and
sintering-process time, rapid heating rates and improved
mechanical and physical properties (Ref 32, 33). Therefore,
the purpose of this study was to evaluate the impact of the
amount of Sn on the microstructure characteristics, martensitic
transformation, mechanical properties, bio-corrosion and
antibacterial effects of Ti-Nb-xSn SMAs. The results are
beneficial for the development of Ti-Nb-xSn SMAs for
biomedical applications.
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2. Experimental Procedure

2.1 Sample Preparation

Ti of particle sizes of 45-150 lm and a purity of 99.5%
mixed with Nb of a particle size of 74 lm and a purity of
99.85% and a particle size of 45 lm for Sn were utilized.
Figure 1 depicts the morphologies of the Ti, Nb and Sn
powders. The powders for this research were supplied by
Stanford Advanced Materials Company. These powders were
prepared for 1 h in a planetary ball mill (PM100) at 300 rpm
until becoming well-mixed powder with a weight ratio of ball
to powder of 4:1. The Ti(77�x)-Nb23-xSn (x = 0, 0.25, 0.5, and
1.5) were expressed in atomic percentage (at.%); powders were
cold-pressed to green samples of U25 9 10 mm under a
uniaxial pressure of 230 kg/cm2 for 5 min followed by MWS
(HAMiLab-V3, Synotherm Corp.). These samples underwent
MWS at a temperature of 900 �C for 30 min at a heating rate of
30 �C/min and furnace cooling to 250-300 �C, followed by
water cooling (during furnace cooling, the cylindrical stainless
steel 304 was under water cooling). The cooling rate at all
parameters shows a small range of 8-9 �C/min. Next, these
samples were coupled with microwaves, where electromagnetic
energy was absorbed and transformed into heat to adjust the
sintering temperature. An insulation barrel was set up into a
continuous 2.45 GHz and 4.5 kV. The sintering was under Ar
gas, which fills the sintering chamber with a gas flow purity of
99.999%. The compacts were placed in an alumina crucible
surrounded by SiC particles (at the corners of the alumina
crucible). SiC was used as an auxiliary heat material. An
infrared pyrometer was employed to measure the temperature
of the samples during the MWS process.

The sintered samples were cut to dimensions of 7 mm 9
7 mm 9 14 mm using electrical discharge machining (EDM)
wire cut for the compression test and 10 mm 9 10 mm 9 20
mm for the shape memory test according to the ASTM E9-09
standards. Corrosion testing was performed with samples of
dimensions U13.5 9 2 mm while the sample dimension for the
antibacterial testing was U5 9 1.5 mm.

2.2 Microstructural Characterization

Several techniques were used to analyze and characterize the
Ti-Nb-xSn SMAs, such as scanning electron microscopy
(SEM), x-ray diffraction (XRD), differential scanning calorime-
try (DSC), and energy-dispersive x-ray spectroscopy. After
cutting, the samples were ground and polished, and this was
followed by etching in 10%HF-40%HNO3-50% distilled water
solution for 15-40 s. SEM (Hitachi Model S-3400N) was
employed to evaluate the microstructure. The Archimedes
drainage method was utilized to determine the porosity of the
samples. The x-ray diffractometer (XRD; D5000 Siemens) was
employed to characterize the phase composition of the Ti-Nb-
xSn SMAs; the diffraction patterns were identified by Jade
software, version 9. The XRD used a CuKa x-ray source, and
the scanning mode was locked couple with a scan rate of 0.05�/
s and a 2h range between 20 and 90 �C. DSC (DSC; Q200, TA
Instrument) was used to determine the phase transformation
temperatures of these alloys via the TA Instrument software
under heating/cooling rates of 10 �C/min. For the DSC test, the
temperature ranges were from � 80 to 500 �C in two both
heating and cooling cycles and the transformation temperatures

after each cycle nearly the same. The weight of the samples for
DSC test was about 10 mg.

2.3 Mechanical Tests

An Instron 600 DX-type universal testing machine was used
to perform the compression testing at a displacement speed of
0.5 mm/min at 25 �C. Shape memory test was also performed
with an Instron 600 DX-type universal testing machine, which
was operated by special program parameters according to the
shape memory effect (SME) testing. The loading–unloading
cycle compressive test was conducted at a strain of 4%, and
moreover, the tests were carried out below the martensite start
temperature (Ms) to establish shape recovery followed by
heating at 200 �C for 30 min [above austenite finish temper-
ature (Af)] with subsequent water quenching. The SME and
total strain recovery (eT) were calculated by the following
formals: SME ¼ ðLf � LoÞ=Lf and eT ¼ ðep � eRÞ=ep � 100;
where L0 is sample length after compression testing, Lf is
sample length following heating at 200 �C with water quench-
ing thereafter, (ep) is loading–unloading cycle strain, and eR is
residual strain.

2.4 Electrochemical Testing/Bio-corrosion

To evaluate the corrosion behavior of Ti-Nb-xSn SMAs, a
potentiodynamic polarization (PDP) in a simulated body fluid
(SBF) was used. The specimen was connected to an open-air
glass cell with a surface area of 0.2 cm2, the open-air glass cell
contained approximately 300 mL of SBF at a pH of 7.4, and the
experiment was accomplished at human body temperature
(37 �C) with a scan rate of 2 mV/s begun at � 250 mV. The
VersaSTAT 3 machine (Princeton Applied Research) was used
to record the measured data. Each electrochemical test was
repeated three times for each sample to ensure the correspond-
ing results. Hereafter, the Ri and polarization resistance (Rp) of
these samples was calculated according to (Ref 35, 36) the
equations; Ri ¼ 22 : 85icorr and Rp ¼ babc= 2:3 baþ bcð Þicorrð Þ;
where icorr is the corrosion current density, bc is the cathodic
Tafel slope and ba is the anodic Tafel slope. Eventually, the
calculations of the output results were based on the polarization
curves for the Ti-Nb-xSn SMAs.

2.5 Antibacterial Test

The antibacterial activities of metal before and after adding
the third alloying element (Sn) were determined by the ager-
disk diffusion technique making use of the bacterial species,
Escherichia coli (gram-negative bacteria) (Ref 37). These
bacteria were gotten from the Institute of Medical Research
(IMR)/Kuala Lumpur/Malaysia. The glassware was sterilised
for 20 min in an autoclave at 120 �C preceding to the
experiment. The stock solution for each organism was produced
via mixing 9 mL of Luria–Bertani (LB) broth with 1 mL of
each bacterial solution followed by incubation at 37 �C for
24 h with shaking at 250 rpm. For disk diffusion, solidified
nutrient agar media was swabbed with the respective organisms
(n = 2) (1 9 108 CFU/mL). The disks on each plate were fixed
at an equalized distance and incubated at 37 �C for 24 h. The
optimized image was captured with a digital camera. ImageJ
software (v 1.47) was used to measure the inhibition zone (mm)
around the film.

Journal of Materials Engineering and Performance Volume 28(1) January 2019—383



3. Results and Discussion

3.1 Microstructure Characteristics

Figure 2 portrays the SEM micrographs of Ti-Nb-xSn. The
microstructures exhibit two forms of morphologies; needle-like
morphologies, b(N) (normal straight and crossed needles along
with needle-like morphology that resembled spaghetti or
irregular lines with a-phases in between, present with b phase)
as well as plate-like morphologies (normal straight plate-like
morphology, a¢¢ and dendritic plate-like morphology, b(D)).

Adding Sn potentially induced an increase in the density of the
a-phase because Sn acts as a a-Ti stabilizer. Sn hampers the
formation of the x-phase and the associated stabilization of the
parent b-phase (Ref 38-40). It has been reported that Ti-Nb
alloys of 15-35 at.%Nb exhibit superelastic and shape memory
properties associated with the b to a¢¢ martensitic transforma-
tion (Ref 41), while 20-24 at.%Nb exhibit self-accommodation
morphologies of the a¢¢ (Ref 42). It was also described that
during the cooling process with a Nb content of 11 < Nb <
27 at.%, the a¢¢ structure forms from the retained b-phase (Ref
43, 44). The titanium structure is HCP (a), while niobium

Fig. 1 SEM micrographs and the corresponding energy-dispersive spectroscopy (EDS) of the powders (a) Ti, (b) Nb, (c) Sn and (d) Ti-Nb-
0.25Sn green sample
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Fig. 2 SEM micrographs of Ti-Nb-xSn at (a) 0 at.%Sn; (b) 0.25 at.%Sn with EDS analysis at spots 1 and 2; (c) 0.5 at.%Sn; and (d)
1.5 at.%Sn
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structure is BCC (b). Therefore, Nb-rich region is b phase and
the diffusion of Nb to Ti-rich region affects as b-Ti stabilizer,
then Ti-rich region is (a + a¢¢) + b. The darkest parts in Ti-rich
region contained more a phase while the less darkness regions
or contain needles and plates are b phase except the spaghetti
(irregular) shape needles contains a phase companies with b
phase. Furthermore, the SME decreases with increasing
precipitates of the equilibrium a-phase (Ref 45). As well, the
density of these alloys was increased gradually with rising
amounts of Sn, and these densities were in the range between
77 and 86%. Terayama et al. (Ref 30) reported that elemental
additions with lower melting points effectively rose the density
of the sintered alloy. Based on EDS, the morphology of the
surface exhibited two regions—a bright area related to the Nb-
rich region and a dark area referred to as the Ti-rich region (Ref
46, 47). Figure 2(b) portrays the EDS data of Ti-Nb-0.25%Sn,
where 1 and 2 indicate the EDS points (spot scanning) on the
micrograph in Fig. 2(a). Point 1 refers to Ti with 55.97 at.%Ti
and 30.05 at.%Nb associated with an existence of O. Point 2
reflects Ti with 63.20 at.%Ti and 20.35 at.%Nb, with the rest
being O. The bright region without the presence of any needle-
like or plate-like morphologies refer to the Nb-rich region,
while the presence of these morphologies were close to the Ti-
rich region and populated the area between the two rich

regions. Sn was not observed at either point. Figure 3 shows
the elemental mapping of the Ti-Nb-0.25%Sn SMA with
evident diffusion between the elements, and it can be observed
there is a Ti-rich region (dark area) and Nb-rich region (bright
area). Sn diffused finely in both the Ti and Nb regions.

Figure 4(a) portrays the XRD data of the sintered Ti-23Nb-
xSn samples. The influence of Sn on the XRD patterns of Ti-
Nb was investigated, and the b, a¢¢ and a phases were
observed. The main phase was the b-phase that was indicated
on planes (110), (200), (211), (112) and (220) at the angles of
38.8�, 55.9�, 70�, 76� and 82.7�, respectively. The a¢¢-phase
appeared at planes (020), (021) and (130) of angles 36.7�,
40.2� and 63�, respectively, while the a-phase appeared at
planes (100), (101), (102), (110) and (201) at angles 35.17�,
40.2�, 52.7�, 63� and 77.12�, respectively. Observation
revealed that at 0.25% Sn, there was a slight increase in the
intensity of the a¢¢-phase peak at an angle of 36.7� of plane
(020) as well as the peak at an angle of 40.2� containing the
largest intensity of the a¢¢-phase of the plane (021). With a
further increase in Sn additions to 0.5% and 1.5%, what
resulted was a minor reduction in the intensity of the a¢¢-phase,
which was also reported by Ozaki and Hu (Ref 11, 48), where
large amounts of Sn addition in Ti alloys can lead to
inadequate occurrence of martensitic transformation. The

Fig. 3 Elemental mapping of the Ti-Nb-0.25%Sn SMA at (a) SEM micrograph, (b) Nb, (c) Ti, (d) O and (e) Sn
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increase in the a¢¢-phase may have improved the mechanical
and shape memory behaviors. Furthermore, there were also
many elemental oxides (these oxidize of small intensities due
to using argon gas during the sintering process, the oxidation
maybe occurs due to the exposing to the atmosphere after
furnace cooling to 250-300 �C), such as TiO2, Ti2O3, Nb2O5

and Sn2O3. TiO2 appeared at planes (022), (112) and (224) of
angles 40.2�, 70� and 82.7�, respectively. Ti2O3 appeared at
plane (113) of an angle 40.2�, Nb2O5 appeared at planes (-518)
and (017) of angles 38.8� and 55.9�, respectively, while Sn2O3

appeared at plane (141) of an angle 55.9�. As well, there were
various compounds observed, such as NbTi4 and Ti3Sn. NbTi4
was located at plane (002) of angle 38.8�, Ti3Sn appeared at
plane (201) of angle 40.2�. Figure 4(b) portrays the XRD data
of the sintered Ti-13.34Nb sample, and the matched phases
were the same for the Ti-23Nb alloy (for the b and a phase, the
planes and angles were the same as for the Ti-23Nb alloy, but
the a¢¢-phase was not observed, nor for the oxides and
compounds that appeared based on the presence additional
Sn). The presence of Nb at 13.34 at.% was less than that in
Fig. 4(a), causing an increase in the intensity of the a-phase,
and this may have been because Nb is b stabilizer element (Ref
49). As well, one could not observe the a¢¢-phase because of
the reduction in Nb, which decreased the stability of the b-
phase, hence diminishing the a¢¢-phase that formed from the
retained b-phase during cooling, as mentioned previously. It is
reported by Lee et al. (Ref 50) that the results indicate that
crystal structure and morphology of the Ti-Nb alloys are
sensitive to the Nb content.

3.2 Transformation Temperatures

Figure 5 features the DSC curves of the Ti-Nb-xSn samples
with and without Sn addition, and the extracted data were
determined and tabulated in Table 1. It was found that the peak
of martensite transformation temperature (Ms to Mf) was shifted
to the left to the lowest temperatures with the addition of 0.25%
Sn, and this shifting was reduced gradually with rising
additional Sn. The range of the austenite transformation
temperatures [austenite start temperature (As to Af)] became
smaller with increasing Sn additions, moderately shifting from
As without any changes in the Af values. Based on previous
research (Ref 11, 48), with a large amount of Sn addition,
martensitic transformation has difficulty taking place in Ti
alloys potentially because the Ms and Mf temperatures (see
Table 1) were reduced after adding small amounts of Sn
(0.25%) to the Ti-23Nb SMA, while adding greater amounts of
Sn (i.e., 0.5% and 1.5%) had smaller effects on Ms and Mf.
Furthermore, Sn addition may affect the stabilization of Ti-
based alloys, thus increasing the stability of the b-phase. This
effect of Sn on martensitic transformation was compatible with
the fluctuations in the intensities of the a¢¢-phase in the XRD
patterns. In other words, at this temperature, the martensitic
transformation will be achieved while applying stress, and
hence this martensitic transformation from the b-phase to the
martensite a¢¢-phase will enhance shape memory behavior (Ref
51, 52). There are appearance of peaks not belong to the
martensitic transformation during cooling process (see Fig. 5);
the reason for the presence of this peak (or peaks) is due to the
concentration of different stress regions close to and around the
precipitates (a-precipitates/intermetallic compounds) that are
formed during the addition of tin (Ref 53, 54). Based on the
Clausius–Clapeyron equation, the presence of stresses in the
alloy consistently improves the martensitic transformation
temperature. Once martensite forms (Ref 55), the stress field
is relaxed near the precipitates and additional martensite
transformation inhibited temporarily. Upon further cooling, as
the temperature decreases to stress-free martensite start tem-
perature, the martensitic transformation again starts. In this type
of transformation, the initial martensite peak increases with
greater transformation heat release when compared with the
final martensite peak (Ref 56).

Fig. 4 XRD of samples microwave sintered at 900 �C for 30 min for (a) Ti-23 at.%Nb-xSn SMAs and (b) Ti-13.34 at.%Nb SMA

Table 1 Ti-Nb-Sn transformation temperatures

Alloy

Transformation temperatures, �C

Ms Mf As Af

Ti-Nb 102.4 100.8 � 37 108
Ti-Nb-0.25 at.%Sn 83.81 82.78 � 49.5 92
Ti-Nb-0.5 at.%Sn 89 88 � 37.86 92
Ti-Nb-1.5 at.%Sn 95.57 94.74 � 25 92
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Fig. 5 DSC curves of the Ti-Nb-xSn samples at (a) 0 at.%Sn, (b) 0.25 at.%Sn, (c) 0.5 at.%Sn and (d) 1.5 at.%Sn
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3.3 Mechanical Properties

3.3.1 Stress–Strain Curves. The impact of Sn content on
deformation behavior based on compression testing is found in
Fig. 6, where all the engineering stress-engineering strain
curves of Ti-Nb-Sn exhibit three stages: (a) elastic deformation
of the b-austenite; (b) elastic deformation of stress-induced
martensite; and (c) plastic deformation of the stress-induced
martensite. However, the b-phase can transform into the
martensitic a¢¢-phase by adding stress during loading, while
during unloading, the unstable martensitic a¢¢-phase mostly
transforms back into the b-phase (Ref 51). In general, the
compression stress of the material decreased with further
increases in Sn content as formed via the fracture strain. The
sample order of the compression stress and strain was in the
sequence of: Ti-Nb-0.25Sn > Ti-Nb-0.5Sn > Ti-Nb-
1.5Sn > Ti-Nb. The fraction strength and strain of these
SMAs with 0, 0.25, 0.5 and 1.5 at.% Sn were 515 MPa at
26.3%, 643 MPa at 34%, 626 MPa at 30.48% and 589 MPa at
30%, respectively. The highest fracture strength and strain for
the Ti-Nb-0.25%Sn alloy were possibly because of the effect of

the amount of Sn on a-Ti or b-Ti stabilization, where as
previously mentioned, Sn acts as a-Ti stabilizer (Ref 38-40).
However, Gutiérrez-Moreno et al. (Ref 57) reported for Ti-Nb
alloys that the b-phase was stable at low Sn substitutions,
though increasing Sn concentrations induce instability. There-
fore, the highest fracture strength and strain were at 0.25% Sn,
while greater Sn content caused a slight decrease in fracture
strength and its strain. Table 2 presents the effect of Sn addition
on maximum stress and its strain, elastic modulus and Vickers
hardness. The elastic modulus increased slightly after adding
0.5% Sn content and was reduced slightly at 1.5% Sn, while
hardness diminished. The low elastic modulus is utterly
important to solving the problem of stress shielding, which
occurs based on the significant difference in the elastic modulus
of implants and human body tissues (Ref 9, 58, 59). This low
elastic modulus was based on the MWS process and its effect
on the pores, as well as the low hardness (Ref 15-17).

3.3.2 Shape Memory Test. The influence of Sn addition
on the shape memory behavior of Ti-Nb-xSn is depicted in
Fig. 7. The total strain recovery (eT) was improved with the
addition of Sn compared to the Ti-Nb SMA. The maximum
improvement of the eT was observed after adding 0.25 at.% Sn

Fig. 6 Compression test results of (a) Ti-Nb-xSn with different
amounts of Sn (b) with the stress–strain curve of the Ti-Nb alloy
that exhibits the three stages of this SMA

Fig. 7 Shape-memory test of (a) Ti-23Nb-xSn and (b) Ti-23Nb SMA featuring the eT, eR, eSME and eSE

Fig. 8 PDP curves of Ti-Nb-xSn in SBF solution
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to Ti-Nb SMA sintered at 900 �C for 30 min. The eT was
reduced with increasing Sn content more than 0.25 at.% Sn.
Table 3 features the residual strain (eR) and eT of the Ti-Nb-xSn
SMAs. The eT indicates the percentage of strain recovery by the
superelastic recovery and SME (see Fig. 7b). The order of the
eT with respect to the samples was: Ti-Nb-0.25Sn > Ti-Nb-
0.5Sn > Ti-Nb-1.5Sn > Ti-Nb. The eT of the Ti-Nb-xSn
SMAs was determined by utilizing a specially designed
compression test at T < Ms (human body temperature of
37 �C). The eT varied with the changes in the amount of Sn at

the strain value of 4%. The changes in the eT of these SMAs
were exhibited after the preheating process at T > Af. It was
found that the eT rose from 40.537 to 46.95% after adding
0.25 at.%Sn. The increase in Sn addition to more than
0.25 at.% led to a decrease of the eT. Further addition of
0.5 at.% Sn obtained a eT of roughly 42.95%, while 1.5 at.% Sn
attained approximately 42.15%. This reduction in eT may be
based on Sn precipitates that formed with the addition of Sn. It
was proposed that the increase in the amount of Sn addition can
result in enhancing a-phase stability, also may be due to the

Fig. 9 Inhibition zones around the Ti-Nb-xSn samples against E. coli. On the left hand is 0 at.%Sn while on the right hand is (1) 0.25 at.%Sn,
(2) 0.5 at.%Sn and (3) 1.5 at.%Sn

Table 2 The effect of Sn addition on maximum stress and its strain, elastic modulus and Vickers hardness

Alloys
Maximum strength,

rmax, MPa
Strain (

”

max) at maximum
strength (rmax), % Elastic modulus, E, GPa Vickers hardness, Hv

Ti-Nb 515 ± 25.75 26.3 ± 1.32 8 ± 0.4 61.7 ± 3
Ti-Nb-0.25 at.%Sn 643 ± 32.15 34 ± 1.7 8 ± 0.4 58.5 ± 3
Ti-Nb-0.5 at.%Sn 626 ± 31.3 30.48 ± 1.5 8.7 ± 0.4 58.7 ± 3
Ti-Nb-1.5 at.%Sn 589 ± 29.5 30 ± 1.5 7.7 ± 0.4 59 ± 3

Table 3 The residual and total strain of Ti-Nb-xSn SMAs

Alloys Residual strain, eR, % Total strain recovery (eT), %

Ti-Nb 2.3785 40.537
Ti-Nb-0.25 at.%Sn 2.122 46.95
Ti-Nb-0.5 at.%Sn 2.282 42.95
Ti-Nb-1.5 at.%Sn 2.314 42.15

Table 4 Electrochemical parameters of Ti-Nb-xSn samples in SBF solution obtained from polarization test

Alloy
Corrosion

potential, E, mV
Current density,
icorr, lA/cm

2
Cathodic slope,

bc, mV
Anodic slope,

ba, mV
Polarization

resistance, Rp, kX
Corrosion rate,
Ri, mm/year

Ti-Nb � 74.78 55.79 261.875 353.71 1.172 1.2748
Ti-Nb-0.25Sn � 122.283 9.075 195.406 245.594 5.2136 0.2073
Ti-Nb-0.5Sn 6.413 5.03 378.592 224.973 12.197 0.1149
Ti-Nb-1.5Sn � 54 0.68 486.005 273.688 111.949 0.0155
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influence of Sn addition on the transformation temperatures as
mentioned earlier (Ref 11, 48), where small amounts of Sn
made the martensite transformation temperatures closer to that
of human body temperature of (37 �C). The eR of these SMAs
at x = 0, 0.25, 0.5 and 1.5 at.% Sn were 2.3785, 2.122, 2.282
and 2.314, respectively.

3.4 Bio-corrosion and Antibacterial Tests

Figure 8 portrays the PDP curves of the Ti-23Nb-xSn SMAs
in SBF solution. Table 4 lists the electrochemical parameters of
the Ti-Nb-Sn samples in SBF solution obtained from polariza-
tion testing. The current density (icorr) values were reduced with
increasing Sn addition. The corrosion potential shifted in the
noble direction after rising the proportion of Sn from 0.25 to
0.5 at.%, but an elevation to 1.5 at.% Sn diminished the
corrosion potential to -54 mV. However, the order of corrosion
potential was: Ti-Nb-0.5Sn > Ti-Nb-1.5Sn > Ti-Nb > Ti-
Nb-0.25Sn. The order of corrosion rate (Ri) based on Sn
addition was: Ti-Nb-1.5Sn < Ti-Nb-0.5Sn < Ti-Nb-
0.25Sn < Ti-Nb. Ti-Nb-1.5Sn had the highest polarization
resistance (Rp) compared to the rest of the alloys. However,
increasing Sn additions of 0-1.5 at.% rose the Rp value from
1.172 to 111.949 kX. Therefore, the Rp of ternary Ti-Nb-xSn
SMAs was observed in the following sequence: Ti-Nb < Ti-
Nb-0.25Sn < Ti-Nb-0.5Sn < Ti-Nb-1.5Sn. It was reported
by Wu et al. (Ref 60) that adding (0-8) wt.%Sn to
Ti60Zr10Ta15Si15 alloy reduced the corrosion rate and increased
the corrosion resistance gradually with increasing Sn content.
The antibacterial activity results with the Ti-Nb-Sn samples
against E. coli are presented in Fig. 9. The average of the
inhibition zones for Ti-Nb-xSn was found to be 1 mm, 1.3 mm,
1.7 mm and 1.9 mm against E. coli for 0, 0.25, 0.5 and
1.5 at.%Sn, respectively. The order of the average of the
inhibition zones was: Ti-Nb < Ti-Nb-0.25Sn < Ti-Nb-
0.5Sn < Ti-Nb-1.5Sn. The average inhibition zone with these
SMAs increased with elevated Sn addition; it is reported that tin
and its oxides have strong antibacterial effect (Ref 22, 61, 62).
The presence of TiO2 had good antibacterial effects on Ti and
its alloys (Ref 63-66), while Nb and Nb oxides moderately
enhanced antibacterial properties (Ref 67).

4. Conclusions

Based on the data presented, the following conclusions can
be drawn:

1. The microstructures exhibited man b(N) and b(D) mor-
phologies. The b(N) morphology contained normal
straight and crossed needles along with needle-like mor-
phology that resembled spaghetti or irregular lines with
a-phases in between. The plate-like morphology featured
normal straight plate-like morphology, a¢¢ and dendritic,
b(D). The XRD patterns of the Ti-23Nb-xSn SMAs exhib-
ited b, a¢¢ and a phases, with b-phase being the main
phase with lower intensities of a¢¢ and a phases. Ti-
13.34Nb possessed b and a phases, with the a-phase
being the primary phase with a lower intensity of the b-
phase without any presence of the a¢¢-phase, potentially
because of the effect of Nb as a b-stabilizer.

2. Adding Sn in small amounts (0.25%) improved the
martensitic transformation while larger amounts (0.5%
and 1.5%) hindered martensitic transformation.

3. Adding Sn improved fracture strength and its strain, with
the highest fracture strength and strain being for the Ti-
Nb-0.25%Sn SMA. The low elastic modulus and Vickers
hardness was based on the MWS process. The low elastic
modulus diminished the effect of stress shielding for
these SMAs. Further, the SME was enhanced for all Sn
additions, but the highest SME was for the Ti-Nb-
0.25%Sn SMA.

4. Ri was reduced gradually with increasing Sn content
while corrosion resistance was elevated. The corrosion
potential shifted in the noble direction after increasing
the proportion of Sn to 0.5 wt.% and 1.5 at.% compared
to the Ti-23Nb alloy with less nobility at 0.25%Sn.

5. The average of the inhibition zones of the Ti-Nb-xSn
samples against E. coli increased gradually with greater
Sn additions. The robust effect of Sn additions on Ti-
23Nb SMA made it able to replace the Ti-Ni alloy for
biomedical application purposes.

Acknowledgments

The authors would like to thank the Ministry of Higher
Education of Malaysia and Universiti Teknologi Malaysia for
providing the financial support under the University Research
Grant No. Q.J130000.2524.12H60 and research facilities.

References

1. X. Wang, Y. Li, J. Xiong, P.D. Hodgson, and C.E. Wen, Porous TiNbZr
Alloy Scaffolds for Biomedical Applications, Acta Biomater., 2009,
5(9), p 3616–3624

2. A. Choubey, R. Balasubramaniam, and B. Basu, Effect of Replacement
of V by Nb and Fe on the Electrochemical and Corrosion Behavior of
Ti-6Al-4V in Simulated Physiological Environment, J. Alloy. Compd.,
2004, 381(1), p 288–294

3. Y. Tong, B. Guo, Y. Zheng, C.Y. Chung, and L.W. Ma, Effects of Sn
and Zr on the Microstructure and Mechanical Properties of Ti-Ta-Based
Shape Memory Alloys, J. Mater. Eng. Perform., 2011, 20(4–5), p 762–
766

4. S. Lu, F. Ma, P. Liu, W. Li, X. Liu, X. Chen, K. Zhang, Q. Han, and L.-
C. Zhang, Recrystallization Behavior and Super-Elasticity of a
Metastable b-Type Ti-21Nb-7Mo-4Sn Alloy During Cold Rolling
and Annealing, J. Mater. Eng. Perform., 2018, 27(8), p 4100–4106

5. T. Ogawa, H. Takada, and K. Maruoka, Corrosion and Mechanical
Degradation of Ni-Ti Superelastic Alloy in Neutral Fluoride Solution,
J. Mater. Eng. Perform., 2018, 27, p 1–6

6. Y. Xiao, H. Liu, D. Yi, J. Le, H. Zhou, Y. Jiang, X. Zhao, Z. Chen, J.
Wang, and Q. Gao, High-Temperature Deformation Behavior of Ti-
6Al-2Sn-4Zr-2Mo Alloy with Lamellar Microstructure Under Plane-
Strain Compression, J. Mater. Eng. Perform., 2018, 27, p 1–14

7. M. Long and H. Rack, Titanium Alloys in Total Joint Replacement—A
Materials Science Perspective, Biomaterials, 1998, 19(18), p 1621–
1639

8. D.M. Cullinane and T.A. Einhorn, Biomechanics of Bone, Princ. Bone
Biol., 2002, 1, p 16–32

9. M. Geetha, A. Singh, R. Asokamani, and A. Gogia, Ti Based
Biomaterials, the Ultimate Choice for Orthopaedic Implants—A
Review, Prog. Mater Sci., 2009, 54(3), p 397–425
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