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Abstract Ti-Ta and Ti-Ta—xSn shape memory alloys
(SMAs) were produced successfully by microwave sinter-
ing. Tin element was added to Ti-Ta SMA with three
different atomic percentages (0.37, 0.745 and 2.26 at.%).
The influences of Sn addition on microstructure, transfor-
mation temperatures, mechanical properties, shape mem-
ory behaviours, corrosion resistance and bioactivity were
investigated. It was found that the morphologies of the
modified and unmodified Ti-Ta alloys contain a plate-like
and needle-like structure, where the former structure is
related to the f§ phase and the latter related to the o phase.
The transformation temperatures of M, to My with and
without Sn additions were observed to be in the range of
389.65 to 355 K, while the transformation temperatures of
A to Ap were found to be in the range of 250.42 to 365.8 K.
By increasing the proportion of Sn, the compressive frac-
ture strength and shape memory behaviour were enhanced;
however, the corrosion resistance tended to be decreased.
Based on the bioactivity results, antibacterial activity was
improved with the addition of Sn. In conclusion, the
existent results indicate that Ti—30 at.% Ta SMAs may be a
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convenient alternative to Ni—Ti for certain biomedical
applications.
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Introduction

Shape memory alloys (SMAs) have a unique combination
of several important properties, including shape memory
effect (SME), superelasticity (SE) or pseudoelasticity (PE)
and high damping capacity [1, 2]. Titanium-based alloys
have been widely used for body implants, such as medical
devices, hip joints and dental implants because of their
robust ductility, excellent corrosion resistance and high
yield strength [3, 4]. In many engineering applications, Ti—
Ni alloys have attracted much interest based on their
potential utility as functional materials, such as in active,
smart structure or adaptive and certain biomedical appli-
cations [5-7]. Ti-Ni alloys have several unique features,
from their biological performance to physical and chemical
properties, rendering them appropriate for employment in
universal biomedical scenarios [8, 9] because of their
unique superelasticity [10], excellent shape memory effect
[11], low elastic modulus [12], superb corrosion resistance
and biocompatibility [13—16] and non-ferromagnetic attri-
butes [17]. Recently, the toxicity and hypersensitivity of Ni
has been seen to have an effect on the development of Ni-
free shape memory alloys [18]. However, the toxicity of Ni
forces the usage of non-toxic biocompatible elements, such
as Nb and Ta [19-21]. It is known that certain f-Ti alloys
exhibit SE as well as SME [22], as apparent in TiNb
[23, 24], TiMo [25, 26], TiV [27] and TiTa-based alloys
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[28]. However, TiNb alloys have too low a critical stress
for a slip, making it difficult to obtain favourable SME.
TiMo alloys are liable to m-phase embrittlement, and the
cytotoxicity of vanadium may mean that TiV alloys are not
suitable for biomedical materials [28]. Ti—Ta alloys possess
great potential for biomedical applications as a result of
their SME, corrosion resistance and low modulus [29-32].
As well, the SME of Ti-Ta alloys can be improved by
alloying and with  thermo-mechanical treatment
[29, 33, 34]. The increase in the relative content of Ta in a
Ti matrix causes a decrease in the martensitic transfor-
mation temperature (M) [28]. Therefore, incorporation of
numerous ternary elements into f-type titanium alloys
reveals that Sn stabilizes the SME. Sn hampers the for-
mation of the w-phase and the associated stabilization of
the parent f phase [33, 35, 36]. It was reported that the
corrosion behaviour of Ti-Ta alloys is enhanced via adding
Sn [34, 37, 38], while the effect of this element on
antibacterial properties is superior because of the presence
of tin oxides that further enriches these properties [39, 40].
However, the improvement in mechanical properties, like
shape memory and ductility, is affected by controlling pore
size, pore shape, pore distribution, grain size, structure,
precipitate formations, morphology of the existing phases
and a degree of order. Therefore, the aim of this research
was to investigate the influences of various additions of Sn
on the microstructure characteristics, mechanical proper-
ties, corrosion and bioactivity behaviour of Ti—-Ta SMAs.
The obtained results will be beneficial for the development
of Ti-Ta SMAs for biomedical applications.

Materials and methods

In this work, the elemental powders of Ti and Ta with Sn as
an additional element were prepared through a powder
metallurgy process. The specification of the elemental
powder, composition and ball milling parameters are pre-
sented in Table 1. These powders of Ti—-30Ta—xSn SMAs
(x is 0, 0.37, 0.745 and 2.26 at.%) were prepared by
mechanical alloying using a planetary ball mill (PM100).
The mixed powders were cold-pressed to green samples of
®25 x 10 mm under a uniaxial pressure of 230 kg cm™>

Table 1 Specification of elemental powders and mixtures

for 5 min, followed by microwave sintering (HAMiLab-
V3, SYNOTHERM Corp.). Specifically, the green samples
were microwave sintered at a temperature of 1173 K for
30 min at a heating rate of 303 K min~'. Figure 1 is a
schematic diagram of the MWS vacuum pot containing the
insulation barrel that was set up continuously at 2.45 GHz
and 4.5 kV. The sintering was performed under an argon
gas atmosphere that filled the sintering chamber with gas
flow purity of 99.999%. The green samples were placed in
an alumina crucible surrounded by silicon carbide (SiC)
particles (at the corners of the alumina crucible). SiC was
used as an auxiliary heat material. An infrared pyrometer
employed to measure the temperature of the samples dur-
ing sintering.

The sintered samples were cut into
7 mm x 7 mm X 14 mm dimensions by using an electrical
discharge machining (EDM) wire cutter for compression
testing based on ASTM E9-09 and dimensions of
10 mm x 10 mm x 20 mm for shape memory testing. The
corrosion test was performed with ®13.5 x 2 mm samples,
while the sample dimensions for the antibacterial test were
®5 x 1.5 mm.

Scanning electron microscopy (SEM, Hitachi Model S-
3400 N) was utilized to analyse microstructure. The
Archimedes drainage method was employed to determine
the porosity of the sintered samples. The phase and crystal
structure were identified using a D5000 Siemens X-ray
diffractometer fitted with a Cu Ko X-ray source in a
locked-coupled mode, a 20 range between 20° and 90° and
a 0.05° s~' scanning step. Differential scanning calorime-
try (DSC Q200, TA Instrument) was used to identify the
phase transformation temperatures of these alloys with the
TA Instrument software at heating/cooling rates of
283 K min~". The compression test was performed with an
Instron 600 DX-type universal testing machine at a con-
stant speed of 0.5 mm/min at room temperature. Vickers
hardness (Matsuzawa—Vicker type) was employed under a
force of 30 kg for 20 s for a hardness test determined at
room temperature. The SME test was carried out using an
Instron 600 DX-type universal testing machine, which
operated with special program parameters based on the
SME test. The loading—unloading cycle compressive test
was performed at a strain of 4% and a temperature of

Element Powder specification Ball milling parameters
Purity/% Size/pm Composition/at.% Rotation speed/rpm Ball-to-powder ratio Time/h
Ti 99.5 150 70 300 4:1 1
Ta 99.9 45-150 30
Sn 99.5 45 0.37, 0.745 and 2.26
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Fig. 1 Schematic diagram of MWS vacuum pot containing the
insulation barrel

310 K (human body temperature), below martensite start
temperature (M) to obtain shape recovery followed by
heating at 473 K for 30 min [above austenite finish tem-
perature (Ag)] and water quenching. To evaluate the cor-
rosion behaviour of Ti—-Ta—xSn (x is 0, 0.37, 0.745 and 2.26
at.%) SMAs, a potentiodynamic polarization (PDP) was
carried out in simulated body fluid (SBF). The specimens
were connected to an open-air glass cell with a surface area
of 0.2 cmz, where the open-air glass cell contained
approximately 300 mL. SBF of pH (7.4), and the experi-
ment was accomplished at human body temperature
(310 K) with a scan rate of 2 mV s~! at —250 mV. The
VersaSTAT 3 machine was utilized to record the measured
data, and three-electrode cells were attached to this
equipment: (1) the saturated calomel electrode (SCE) was
the reference electrode, (2) the graphite rod was the counter
electrode and (3) the working electrode was the specimen.
Each electrochemical test was rerun three times in order to
ensure replicability of the results. Thereafter, the corrosion
rate (R;) and polarization resistance (Rp) of these samples
were calculated according to [41, 42]:

Ry = 22.85 X icorr (1)

Rp _ ﬁaﬁc (2)

23(ﬂa =+ BC)iCOIT

where i, is the corrosion current density, . is the
cathodic Tafel slope and f, is the anodic Tafel slope.
Eventually, the calculations of the output results were
based on the polarization curves for Ti—-Ta—xSn SMAs.

The antibacterial activities with and without metal ions
(Sn) were established by the agar disc diffusion technique
using the bacterial species Escherichia coli (gram-negative

bacteria) [43]. These bacteria were obtained from the
Institute of Medical Research (IMR), Kuala Lumpur. The
glassware was sterilized for 20 min in an autoclave at
393 K prior to the experiment. Stock solutions for each
organism were prepared by mixing 1 mL of each bacteria
solution with 9 mL of Luria—Bertani (LB) broth and
incubated at 310 K for 24 h with shaking at 250 rpm. For
disc diffusion, solidified nutrient agar media were swabbed
with respective organisms (n = 2) (1 x 10%CFU mL™).
Four discs on each plate were fixed at equal distance and
incubated at 310 K for 24 h. The experiment was repeated
three times, and only one the best image was photographed
with a digital camera. The mean zone of inhibition (mm)
around the film was measured using Imagel] software,
version 1.47.

Results and discussion
Microstructure characterization

Figure 2 displays scanning electron microscopy (SEM)
micrographs of Ti—-30Ta and Ti—-30Ta—xSn SMAs fabricated
PM and followed by microwave sintering. These micro-
graphs demonstrate two types of morphologies—needles
like (N) and plates like (P). The plate-like morphology is
predominant with a slight presence of needles-like mor-
phology. According to energy-dispersive spectroscopy
(EDS), the morphology of the surface exhibits two regions—
the dark region refers to the Ti-rich region, while the bright
area is related to the Ta-rich region [44—46]. The growth of
the plates and the needles commences from the contact area
between the two regions towards the centre of the Ti-rich
region (Ti-particle) and may be because of the diffusion of Ta
towards the Ti region [47], while the diffusion of Ti towards
the Ta region makes it darker, especially at the edges (Ta-
particle) which is in contact with the Ti-rich region [44]. The
P and N morphologies are an exhibition of the f§ phase, but
there are other f§ needle-like morphologies that look like
spaghetti (S) or irregular lines containing the « phase
between them [48-50], just as indicated in Fig. 2b and c. The
grain sizes clearly increased with rising tin additions [51].
However, the porosity of these alloys decreased gradually
with increasing tin additions and was in the range of 26-30%.
It was reported by Terayama et al. [52] that adding elemental
additions with lower melting point was so effective in
increasing the density (reduce the porosity) of the sintered
alloy. Figure 2e shows the EDS of Ti-30%Ta-2.26% Sn,
and 1 and 2 represent the EDS points on the micrograph of
Fig. 2d. The diffusion of Sn into Ti particles was greater than
that of Ta particles [53, 54]. Figure 2 (1) shows the EDS
point at the edge of the Ti particles, where the percentage of
diffused Ta was very low (3.06 at.%), while the diffused tin
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Fig. 2 SEM micrographs showing the microstructure of a Ti—30Ta, b Ti-30Ta-0.37Sn, ¢ Ti-30Ta-0.745Sn, d Ti-30Ta-2.26Sn alloys and e (1

and 2) EDS of Ti-30Ta-2.26Sn

percentage was very close to the real composition of tin in the
alloy (2.27 at.%). On the other hand, Fig. 2 (2) shows the
EDS point at the edge of the Ta particles, where the pro-
portion of Ta was 92.83 at.% with very minimal amounts of
diffused Ti (7.17 at.%), though we could not observe any

@ Springer

presence of tin (oxygen was removed from the EDS setting
for easier explanation of the elements’ diffusion).

Figure 3 depicts the XRD patterns of Ti—-30Ta and Ti—
30Ta—xSn that verified the phase composition in the
microstructure and its effect on these SMAs. The identified
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Fig. 3 XRD patterns of Ti-30Ta and Ti-30Ta—xSn alloys

phases were the f-phase [body-centred cubic (BCC)]
structure and o phase [close packed hexagonal (CPH)]. The
f phase of Ti and Ta was the main phase that matched the
(110), (200), (211) and (220) planes of angles 38.6°, 55.7°,
69.7° and 82.6°, respectively [46], while the f§ phase of Sn
matched the 002 plane of angle 52.8°. Phase o was present
at the (100), (101) and (102) planes of angles 35.17°,
40.19° and 52.8°, respectively, that represented the Ti
element. The phase o (Ta) indicated at the (411) plane of
angle 40.19°, and phase o (Sn) indicated at the (112) plane
of angle 62.9°. The intensity of the f phase at the plane of
(110) was enhanced with increasing Sn addition. SnTi,
matched the (110) plane of the angle 38.6°, and Ti;Sn was
observed at the (201) and (220) planes of angles 40.19° and
62.9°, respectively. The XRD and EDS results demon-
strated the presence of Sn in compounds with Ti and did
not appear with Ta. TiO, presents at the (112), (022), (122)
and (224) planes of angles 38.6°, 40.19°, 69.7° and 82.6°,
respectively, while Ti»O3 was present at the (113) plane of
angle 40.19° and the (122) plane of angle 55.7°. SnO was
apparent at the (114), (220) and (213) planes of angles
40.19°, 69.7° and 82.6°, respectively, while Sn,O; was
found at the (—201) plane of angle 40.19° and the (141)
plane of angle 55.7°. TagO (ff) was observed at the (101)
plane of an angle 38.6° and the (200) plane of angle 55.7°.

Transformation temperatures

Figure 4 presents the DSC curves of Ti—Ta—xSn SMAs.
The transformation temperatures were austenite start and
martensite start (A; and M) temperatures, and austenite
finish and martensite finish (A; and M) temperatures were
identified by the conventional employed extrapolation of
temperatures of the onset and offset on the curve baseline;
utilizing the extrapolating temperatures of the onset and

offset in the thermal analysis is common. The employment
of deviation point from the curve baseline (onset and offset
temperatures) might have been better instead of extrapo-
lating temperatures to explain the influences in the DSC
curves of diffusionless martensitic transformations.
Therefore, an extrapolating value was used to satisfy the
universal trend in the DSC and prevent the subjectiveness
of the selection of the deviation point. Figure 4 shows that
the exothermic peak appeared during the cooling process,
while a multi-step phase transformation in which Ay
transforms to Ay appeared during heating. The TA Instru-
ment software indicates that the upper part from the curve
is an exothermic reaction (martensitic transformation)
while the lower curve is endothermic reaction (austenitic
transformation). In other words, the upper part is under
cooling (M to My, from the right to the left), while the
lower part is under heating [A; to Ay, from the left to the
right)]. The transformation peaks for both martensite and
austenite transformation become more obvious as the
amount of Sn increases. This is due to the formation of
intermetallic compounds of Ti—Sn. Also, it was found that
an increase in the relative amount of Ta in a Ti matrix
results in a decrease in the martensitic transformation
temperature (M) [28]. Based on the previous researches
[55, 56], it was found that with a large amount of Sn
addition, the martensitic transformation is difficult to occur
in Ti alloys; furthermore, the Sn addition may have an
effect on the stabilization of Ti-based alloys and thus
increase the stability of  phase. Furthermore, as outlined
by Gutiérrez-Moreno et al. [57] that in Ti alloy, the /5 phase
is stable at low Sn substitutions; however, increasing Sn
concentration induces instability. In other words, the small
amounts of Sn affect as -Ti stabilizers despite the fact that
large amounts of Sn affect as o-Ti stabilizers. On the other
hand, the transformation temperature curves for the for-
ward and backward transformation shown few additional
peaks were also being observed (see Fig. 4) and their
presence is mainly related to o-precipitates/intermetallic
compounds that are formed during the addition of tin
[58, 59]. The reason of presence of these peaks also can be
refer to the contemplation of different stress regions close
to and also apart from the precipitates upon cooling; the
transformation starts in the stressed area around the pre-
cipitates once the temperature occurs closer to the alloy
martensitic transformation. Based on the Clausius—
Clapeyron equation, the occurrence of stresses in the alloy
consistently improves the martensitic transformation tem-
perature. Once martensite forms [60], the stress field is
relaxed near the precipitates and additional martensite
transformation inhibited temporarily. Upon further cooling,
as the temperature goes down to stress-free martensite start
temperature, the martensitic transformation again starts. In
this kind of transformation, the initial martensite peak
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Fig. 4 DSC curves of a Ti-30Ta, b Ti—-30Ta-0.37Sn, ¢ Ti-30Ta-0.745Sn and d Ti-30Ta-2.26Sn alloys

arises with greater transformation heat released when
compared with the final martensite peak [61]. According to
the analysis of the transformation curves, the Ay, Af, M and
M; were determined and given in Table 2. During heating,
the range between A and Ay tended to decrease with the
increased tin addition in the Ti-Ta SMA. In modified and
unmodified Ti-Ta SMAs, the range of the A to A trans-
formation was approximately 250.42 to 365.8 K, respec-
tively, while the range of the M; to M transformation range
was 389.65 to 355 K, respectively. At human body tem-
perature (310 K), the transformation to martensite was

Table 2 Transformation temperatures of Ti-Ta and Ti-Ta—xSn
SMAs

MWS parameters MJK MK AJK AdK
Ti-30Ta 362.26 359.48 250.42 365.11
Ti-30Ta-0.37Sn 370.7 369.16 285.57 365.13
Ti-30Ta-0.74Sn 356.5 355 293.9 365.17
Ti—30Ta-2.26Sn 389.65 386.4 307.7 365.8

@ Springer

already achieved, and this temperature was in the range of
the A to Ay transformation for all these samples. In other
words, that meant during the application of stress, these
alloys became of martensitic o because of the transfor-
mation from the f§ phase to the o’ phase, bringing about
improvement in shape memory behaviour [62-64]. With
Ti, tin additions behave as neutral solutes and have little
effect on the transformation temperature [65].

Mechanical properties
Stress—strain curves

Figure 5a, b displays the stress—strain curves of the Ti-Ta
SMAs after being modified with the Sn addition. These
curves can be divided into three regions [66] as portrayed
in Fig. 5b. Region 1 is a linear region of elastic deforma-
tion, where the elastic modulus can be observed, followed
by region 2 in which the plastic yield deformation took
place, in which a compressive peak strength could have
been observed. Meanwhile, region 3 was a rupture region.
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Fig. 5 a Compressive curves of Ti-30Ta and Ti-Ta—xSn alloys and
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curve

The increase in tin improved the fracture strength and
strain, where the fraction strength and strain of the samples
with 0, 0.37, 0.745 and 2.26 at.% Sn were 375 MPa at
19.68%, 497 MPa at 28%, 534 MPa at 32% and 570 MPa
at 27.75%, respectively. The value of the elastic modulus
was increased gradually with rising Sn (7.2 to 8.2 GPa),
where the highest value was observed with the percentage
of 2.26 at.% Sn. Based on these readings, it was indicated
that the elastic modulus of these SMAs was very close to
the elastic modulus of human bone (3—20 GPa for cortical
bone) [67]. On the other hand, the low elastic modulus of
these samples was based on the microwave sintering pro-
cess solving one of the most critical problems that occurred
between the elastic modulus of the hard tissue (<20 GPa)
and the elastic modulus of the implant materials (>100
GPa). This large elastic modulus discrepancy is called
“stress shielding”, which may lead to the resorption of
hard tissue, loosening of implants and, finally, the failure of
implantation [9, 68, 69]. This improvement in mechanical
properties from the addition of tin and the production
method means these alloys are more appropriate for
biomedical applications [33, 51]. The Ti-Ta-2.26% Sn
showed maximum fracture strength, while the maximum
fracture strain was observed in Ti-Ta-0.745% Sn. How-
ever, the presence of porosity and low elastic modulus
effects were directly related to the hardness of these alloys
[70], where the Vickers hardness of the samples with O,
0.37, 0.745 and 2.26 at.% Sn was 50, 40.5, 41.5 and 45 Hyv,
respectively. The Vickers hardness rose with an elevation
of elastic modulus after adding Sn (still less than the base
alloy). Yet, generally, the elastic modulus and Vickers
hardness were low, and that may be connected to the
microwave sintering method [70].

Shape memory effect

Strain recovery (&) by the SME of the Ti-Ta SMAs with
and without Sn addition was determined through a spe-
cially designed compression test at T < M, [human body
temperature (310 K)]. The strain recovery by SME (esmg)
changed with the changes in the amount of Sn at the strain
value of 4% (see Fig. 6). It appeared that the addition of Sn
at different atomic percentages yielded an increase in the
value of egyg. The alloy with a 0.745 at.% Sn exhibited the
highest shape recovery after the preheating process at
T > A;. Additionally, the strain recovery (&) with the SME
increased from 37.5 to 45%. However, there were decrea-
ses in strain recovery of the sample at 2.26 at.% Sn com-
pared with those of 0.37 and 0.745 at.% Sn, even if the
XRD exhibited little enhancement in the intensity of the f
phase and minor reduction in the o phase that should have
improved the strain recovery of this sample because the
SME diminished when raising the precipitates of the
equilibrium of the o phase [71]. However, the 5 phase was
able to transform to martensitic o'’ phase by adding stress
during loading; meanwhile, during unloading with the
release of the stress, the unstable martensitic «” phase
mostly transformed back to the [ phase [62-64]. This
decrement was mainly attributed to increasing Sn content,
causing precipitation at the grain boundaries that led to a
drop in strain recovery, this precipitation depending on the
solubility of Sn in Ti [58, 59]. This could be observed from
the TiSn phase diagram around 2.3 at.%, at a sintering
temperature of 900 °C. These improvements in & were
related to the presence of SnTi, that appeared based on the
Sn additions in the parent phase. Moreover, the percentage
of ¢ mainly depended on the amplitude of martensitic
transformation of these alloys as observed from the XRD
peaks, suggesting mildly higher intensities after Sn was
added. Sn appears in SnTi, as the main phase and Ti3Sn
precipitates.

Corrosion test

The electrochemical polarization curves of the Ti-Ta and
Ti—Ta—xSn SMAs in SBF solution are shown in Fig. 7. The
corrosion potential (E.,;) of the Ti-Ta sample
(—133.417 mV) shifted to the nobler direction after Sn
addition (25.943 mV, at 2.26% Sn). From the i.., com-
parison between the binary and ternary shape memory
alloys, it can be inferred that the Ti-30at.% Ta SMA
demonstrated the most favourable corrosion behaviour as a
result of its consistently low corrosion rate in corrosive
media. The Ti-Ta alloy presented the highest corrosion
current density (i..) versus the alloys that included Sn
addition. Table 3 lists the electrochemical parameters of
the Ti-Ta and Ti-Ta—xSn samples, and it is evident the
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Fig. 7 Potentiodynamic polarization curves of the Ti—30Ta—xSn
SMAs

polarization resistance was enhanced after adding Sn,
potentially because of the presence of Sn with the oxide
layer of TiO, that improves the effect of this layer in an
aggressive environment and hence improves corrosion
resistance [72]. The Ti-30Ta—0.37Sn SMA possessed the
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highest polarization resistance (308.44 k2) and lowest
corrosion rate (0.0059752 mm yearfl).

Antibacterial test

The antibacterial activity results of the Ti—Ta and Ti—Ta—
Sn samples against E. coli are shown in Fig. 8. The average
of the inhibition zones for Ti-Ta was found to be 2.7 mm
against E. coli. The average of the inhibition zones for Ti—
Ta—xSn was found to be 2.9, 3.5 and 3.8 mm against E. coli
for 0.37, 0.745 and 2.26 at.% Sn, respectively. The
antibacterial activity the Ti—-Ta—Sn samples was thought to
be because of the binding of the composite metals (Ti—
30Ta and Ti-30Ta—xSn) to the outer membrane of E. coli
bacteria. It can be observed that with increasing additions
of tin metal, antibacterial activity was more pronounced.
The inhibition zones were larger with the rise in tin addi-
tions. Several studies have reported the antibacterial effect
of tantalum and tin oxides, as these oxides exhibit robust
antibacterial effects [39, 40, 73, 74]. Other investigations
have also mentioned the superb antibacterial properties of
TiO, [75-79].
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Table 3 Electrochemical parameters of Ti—-Ta and Ti-Ta—Sn samples in SBF solution obtained from the polarization test

Alloy Corrosion Current density, i.,,/ Cathodic slope,  Anodic slope, Polarization Corrosion rate, R;/
potential, E/mV PA cm ™2 p/mV PmV resistance, R,/kQ mm year™

Ti-Ta -133.417 34.33 246.857 393.27 2.097 0.7844405

Ti-Ta- -69.794 0.2615 355.57 387.9 308.44 0.0059752
0.37Sn

Ti-Ta- 32.964 0.631 324.764 394.126 122.68 0.0082488
0.745Sn

Ti-Ta- 25.943 0.8005 311.316 367.531 91.54 0.0182914
2.26Sn

Fig. 8 Inhibition zones around the samples against E. coli of a Ti—
30Ta, b-1 Ti-30Ta—0.37Sn, b-2 Ti-30Ta-0.745Sn and b-3 Ti-30Ta—
2.26Sn SMAs

Conclusions

This research studied the effect of Sn on the structure and
properties of Ti-30at.% Ta SMAs, which resulted in a
significant change in the microstructure and thus enhanced

mechanical and shape memory properties along with
improving corrosion resistance and antibacterial effect.
The results here revealed that the modified and unmodi-
fied Ti-30at.% Ta SMAs contained o and f phases
associated with a minor presence of tin intermetallic
compounds. Precipitates, in addition to the volume frac-
tion of these phases, varied based on the change in the
chemical composition of the designed alloys (depending
on Sn amounts). With this in mind, it was also demon-
strated that the presence of tin element with small con-
tents has effect on porosity. It was also proposed that
increasing the amount of Sn additions can lead to enhance
the a-phase stability of the modified alloys. The
mechanical properties of elastic modulus and strain frac-
ture were divergent based on the variations of the o and f
phases. The modified alloy with 2.26 at.% Sn showed
higher strength and elastic modulus than other alloys,
while the highest values for fracture strain and strain
recovery by shape memory were induced with 0.745 at.%
Sn addition. The modified alloys also displayed higher
corrosion resistance compared with the unmodified alloys
in SBF at 310 K. This can be evidenced by the lower
corrosion current density, icor (0.2615 pA cm_z), in the
PDP test. In addition, the results also showed that the
modified alloys with Sn additions could enhance the
antibacterial effect of Ti—-Ta SMAs. Overall, our system-
atic method, additions, sample preparation and charac-
terization may constitute a basis for the production of
high-quality biocompatible Ti—-30%Ta SMAs.
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