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A B S T R A C T

Metastable β Ti alloys are the new emerging class of biomaterial for load bearing orthopedic applications.
However, these alloys in the single β phase microstructure have insufficient strength for use in load bearing
applications. It is imperative to strengthen these alloys by carefully designed thermo-mechanical processing
routes that typically involve aging treatment. In this investigation two newly designed Sn based β Ti alloys of
composition Ti-32Nb-(2, 4) Sn are evaluated. The effects of Sn content on the mechanical properties and bio-
logical performance of these alloys processed through designed thermo-mechanical processing route are in-
vestigated. The increase in the Sn content led to a reduction in the elastic modulus of the alloy. An increase in the
Sn content increased the aspect ratio of the α precipitates, which led to a significant strengthening in the alloy
while keeping the elastic modulus low. In addition, the corrosion behavior of the alloy was evaluated in si-
mulated body fluid. The Sn containing β alloys have an excellent corrosion resistance as desired for an implant
material. The corrosion resistance improved with an increase in Sn content. These alloys were also observed to
have excellent cytocompatibility as they not only supported the attachment and proliferation of human me-
senchymal stem cells but also their osteogenic differentiation in vitro. The combination of high strength, low
elastic modulus, superior corrosion resistance and biocompatibility underscores the promise of Sn containing β
Ti alloys for use in orthopedic applications.

1. Introduction

Metallic implants are extensively used worldwide to treat a spec-
trum of orthopedic related disorders. Some of the most critical cases
include those of dysfunctional knee and hip joints. A new class of me-
tastable β Ti alloys is considered as promising candidates for the next-
generation materials for orthopedic implants. The several advantages
offered by β Ti alloys include the use of non-toxic alloying elements
such as Nb, Mo, Ta, Zr and Sn for the preparation of the alloy; a close
match of the elastic moduli of the alloys and human bone; excellent
corrosion resistance and high specific strength (Bahl et al., 2016; Bahl
et al., 2017a, 2014; Banerjee and Williams, 2013; Gurao et al., 2013;
Niinomi et al., 2012; Suresh et al., 2012, 2013). One of the most critical
material properties for load bearing orthopedic applications is the high
strength. The strength is also important as it governs the fatigue life of a
material. The implants are prone to failure by fatigue due to the cyclic
nature of loading during use in the human body (Bahl et al., 2015,
2017b; Mencière et al., 2014; Norman et al., 2014; Yoshitani et al.,
2016). The strength in the single phase metastable β Ti alloys is lower
compared to Ti-6Al-4V alloy, which is currently a popular choice for

load bearing implants due to its high strength. Therefore, significant
attention must be drawn towards the strengthening of β Ti alloys for
ensuring their successful application as implants. The most widely
employed strengthening mechanism in metastable β Ti alloys is the
aging treatment that leads to the precipitation of the α phase. There are
several reports on precipitation strengthening of biomedical grade β Ti
alloys (Cardoso et al., 2014; Hao et al., 2007; Li et al., 2011;
Mohammed et al., 2015). The strengthening by α precipitation will
depend on the composition of the alloy and the design of the thermo-
mechanical processing route. The role of the alloy composition and its
response to the processing schedule, which incorporates the aging
treatment has been largely underutilized for medical grade β Ti alloys
and needs continued investigation.

Ti-Nb-Sn (TNS) has emerged as an important group of β Ti alloys
with significant potential for application in orthopedics (Griza et al.,
2014; Hanada et al., 2005; Hsu et al., 2013; Matsumoto et al., 2007;
Miura et al., 2011). The addition of Sn is important to obtain low elastic
modulus by suppressing the ω phase. In addition, Sn is a strong solid
solution strengthener, which contributes to the strengthening of these
alloys (Zhang et al., 2013). The Sn content in the alloy is reported to
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significantly alter the strength and elastic modulus in TNS alloys by
controlling the phase transformations (Griza et al., 2014; Hanada et al.,
2005; Hao et al., 2006; Hsu et al., 2013; Matsumoto et al., 2005; Moraes
et al., 2014; Wang et al., 2013). The Sn content also affects the corro-
sion behavior of TNS alloys (Dalmau et al., 2015; Moraes et al., 2014;
Rosalbino et al., 2012; Wang et al., 2013; Zheng et al., 2006). However,
most of the investigations on the effect of Sn on the properties of TNS
alloys were restricted to the solution treated/quenched or cast micro-
structure. These microstructures can be expected to have insufficient
mechanical properties for use in load bearing orthopedic applications.
The influence of Sn content on the properties of thermo-mechanically
processed TNS alloys with aged microstructures has been not studied
extensively.

We recently reported on the precipitation behavior and its effect on
the mechanical properties, electrochemical behavior and biocompat-
ibility in an alloy of composition Ti-32Nb-2Sn (wt%) (Bahl et al.,
2017a). The addition of 2 wt% Sn suppressed the ω phase formation
thereby substantially reducing the elastic modulus of the alloy. It was
also shown that the control of nanoscale precipitation by heat treatment
significantly improved the mechanical properties of the alloy. Sn was
found to be an advantageous alloying element to obtain the optimum
combination of biomaterial properties. However, the effect of higher Sn
content on the precipitation behavior and its effect on the mechanical
properties, electrochemical behavior and biocompatibility are as yet
unexplored. In this work, another composition with higher Sn content
(Ti-32Nb-4Sn) was chosen and compared against Ti-32Nb-2Sn. The aim
of this work was to examine the effect of Sn content on aging behavior,
mechanical properties, electrochemical behavior and biocompatibility
in TNS alloys.

2. Experimental

2.1. Materials and processing

Ti-32Nb-2Sn (TNS-2) and Ti-32Nb-4Sn (TNS-4) alloy compositions
in wt% were prepared by non-consumable vacuum arc melting with
high purity (> 99.9%) elemental constituents, namely, Ti, Nb and Sn.
The oxygen content of TNS-2 and TNS-4 alloys was found to be 0.27 wt
% and 0.15 wt%, respectively. The solidification microstructure of the
cast pan cakes was broken by hot rolling rectangular bars at 950 °C. The
hot rolled bars were subsequently solution treated at 950 °C for 0.5 h
followed by quenching. The solution treated and quenched bars of the
TNS-2 and TNS-4 alloys are hereafter referred to as STQ-2 and STQ-4
respectively where STQ refers to solution treated and quenched. The
STQ specimens were aged at 500 °C and 600 °C. The specimens for
aging were heated at a slow heating rate of 1 °C/min from room tem-
perature (RT) to final aging temperature (500 °C/600 °C) followed by
isothermal heating for 6 h. The specimens were air cooled after the
aging treatment was completed. The TNS-2 specimens aged at 500 °C
and 600 °C are hereafter referred to as A500-2 and A600-2, respec-
tively. Similarly, TNS-4 specimens aged at 500 °C and 600 °C are
hereafter referred to as A500-4 and A600-4, respectively. Some of the
specimens were heated at 1 °C/min up to 400 °C followed by isothermal
treatment for 2 h. These specimens will be referred to as A400-2 and
A400-4 for the TNS-2 and TNS-4 alloys, respectively. This heat treat-
ment was done in order to investigate the intermediate microstructures,
which lead to the A500 and A600 microstructures.

2.2. Microstructural characterization and X-Ray diffraction

The microstructural characterization was performed using scanning
electron microscopy (SEM, Ultra 55 Zeiss) and transmission electron
microscopy (TEM, FEI Tecnai F30). Specimens for SEM imaging were
prepared using standard metallography techniques. TEM foils were
prepared using the twin jet electro polishing technique. The electro
polishing was performed at 12 V, −30 °C in 10% perchloric acid

electrolyte prepared in methanol. Compositional analysis of the TEM
foils was performed using scanning transmission electron microscope
(STEM) based energy dispersive spectroscopy (EDS). The phase iden-
tification was performed by X-Ray diffraction (XRD) using Cu-Kα ra-
diation (PANalytical, X′pert Pro).

2.3. Mechanical characterization

The micro-Vickers hardness tests were performed at 200 gf load and
10 s dwell time (CSM Instruments). The indentation derived elastic
modulus was also measured using the standard Oliver-Pharr method.
Tensile tests were performed until fracture at a strain rate of 10−3 s−1

(Instron 5967).

2.4. Electrochemical characterization

The electrochemical behavior of the alloys in simulated body fluid
(SBF) was analyzed using Tafel extrapolation and impedance spectro-
scopic techniques. The composition of the SBF prepared has been re-
ported elsewhere (Bahl et al., 2014). The specimens were prepared
using standard metallographic techniques with final polishing per-
formed with 0.05 µm alumina paste. A standard three electrode elec-
trochemical workstation was used having Pt as a counter electrode and
saturated calomel electrode (SCE) as a reference electrode (CHI604E,
C.H. Instruments). The open circuit potential (OCP) of the specimens
was stabilized for 3 h. The impedance spectra were recorded at the OCP
in the frequency range 105–10−1 Hz with 5 mV amplitude. The Tafel
plots were recorded at from −0.6 to + 0.4 V at a scan rate of 2 ×
10−4 V/s.

2.5. X-Ray photoelectron spectroscopy (XPS)

The passive layer formed on TNS alloys was characterized using
XPS. Wide and high resolution XPS spectra of the polished specimens
were recorded using Al source, 1.486 eV, Kratos Analytical.

2.6. Biological studies

The effect of Sn content on biocompatibility was assessed in vitro
using primary human mesenchymal stem cells (hMSCs) from a 25-year-
old male donor (Lonza). hMSCs were cultured in knock-out Dulbecco's
modified Eagle medium (DMEM, Invitrogen) supplemented with 15%
MSC-qualified fetal bovine serum (FBS). An antibiotic mixture of 1%
penicillin-streptomycin (Sigma) was also added. The specimen with
dimensions 7 mm × 7 mm × 2 mm were machined by electro-dis-
charge machining and finally polished using 0.05 µm alumina paste.
The specimens were sterilized by immersing in 70% ethanol and ex-
posure to UV for 30 min. Subsequently, they were placed in a 48 well
tissue culture well plate and incubated in 200 µl of culture medium 24 h
prior to seeding cells. Trypsin-EDTA was used to passage the cells and
passage 6 was used for all the studies. 400 µl cell suspension containing
5 × 103 cells was added to each well.

2.6.1. Cell attachment and proliferation
The hMSC attachment and proliferation was measured at 1 day, 3

days and 5 days after seeding using fluorescence microscopy and DNA
quantification. Picogreen assay (Invitrogen) was used to quantify DNA.
The cells were lysed by incubating specimens in a 200 µl solution of
0.2 mg/ml proteinase K (Sigma) and 0.02% sodium dodecyl sulfate
(SDS, Sigma) for 24 h at 37 °C. Subsequently, 100 µl of picogreen
working solution was added to 100 µl lysate. The fluorescence reading
was measured with a microplate reader (Biotek) at an excitation wa-
velength of 485 nm and an emission wavelength of 528 nm. Four re-
plicates were used for each sample.

The cells were fixed by incubating the specimens in 3.7% HCHO for
15 min at 37 °C and subsequently permeabilized with 0.2% Triton X-
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100 solution (Sigma). The actin filaments were stained using Alexa
Fluor 546 dye at 25 µg/ml concentration. The nuclei were stained with
DAPI solution of 0.2 µg/ml concentration. The cells were imaged using
Olympus IX-71 epi-fluorescence microscope.

2.6.2. Osteogenic differentiation
The osteogenic differentiation of hMSCs was assessed by measuring

alkaline phosphatase (ALP) activity and mineral deposition after 14
days of seeding. The cells were cultured in the complete medium sup-
plemented with osteoinductive factors (50 µM ascorbic acid, 20 mM β-
glycerophosphate and 10 nM dexamethasone). The cells were fixed in
3.7% HCHO solution for 30 min. Subsequently, the cells were stained
with 1% Alizarin Red S dye (ARS, Sigma) for 30 min. The dye was re-
moved and specimens were washed several times with water to remove
any unbound dye. The dye bound to the mineral deposited on the
specimen surface was subsequently solubilized in a solution of 0.5 N
HCl and 5% SDS for 30 min at 37 °C. The absorbance of the solution was
measured at 405 nm using the microplate reader (Biotek).

P-nitrophenyl phosphate (pNPP, Sigma) was used to measure the
ALP activity. The cells were lysed by incubating specimens in a solution
of 0.1% Triton-X at 37 °C for 24 h. The collected lysate was passed
through a freeze-thaw cycle at −20 °C. 100 µl of the lysate was mixed
with 100 µl of the pNPP solution. The absorbance was measured at
405 nm after incubating for 15 min at 37 °C. The ALP activity and the
mineral content was normalized to the DNA content measured using the
picogreen assay.

3. Results and discussion

The material properties that are critical for preparing biomedical
implants are: (i) microstructural/phase stability, (ii) mechanical

properties, (iii) electrochemical response in the body environment, and
(iv) cytocompatibility. Each of these properties has been evaluated in
detail and the results are presented in the following sub-sections.

3.1. Microstructural stability in TNS alloys

Fig. 1 shows the SEM micrographs and XRD patterns of STQ-2 and
STQ-4 specimens. The high angle peaks with low intensity are magni-
fied and presented in the inset. The doublet in peaks is due to Kα1 and
Kα2 radiations. It can be seen that a single β phase microstructure is
retained after quenching from a temperature above the β transus tem-
perature. Thus, the addition of 2 wt% and higher amount of Sn lead to a
complete retention of the β phase upon quenching. Sn is known to
suppress the formation of ω and α″ phases upon quenching or aging
thereby retaining the single β phase in titanium alloys (Hao et al.,
2006). In the present case, the formation of ω phase was suppressed in
both TNS-2 and TNS-4 alloys. Even 2 wt% Sn was found to be sufficient
to suppress the ω/α″ formation.

Fig. 2 shows high-resolution SEM micrographs of the aged speci-
mens of TNS-2 and TNS-4 alloys. Aging at 500 °C and above leads to
precipitation of α phase in both the alloys. The XRD patterns of the aged
specimens as shown in Fig. 3 confirm that the precipitates are the α
phase. Table 1 summarizes the volume fraction and dimensions of the
precipitates in the aged conditions. The volume fraction of α pre-
cipitates was similar whereas their aspect ratio was higher in the aged
TNS-4 alloy compared to the aged TNS-2 alloy.

The TEM micrographs of the intermediately aged specimens, A400-
2 and A400-4 specimens are shown in Fig. 4. The volume fraction of
precipitates was lower whereas their aspect ratio was higher in TNS-4
compared to TNS-2. The crystallography of the precipitates in A400
samples was not confirmed in the present investigation. However, the

Fig. 1. SEM micrographs of (a) STQ-2 (b) STQ-4 and (c) XRD patterns of STQ-2 and STQ-4 showing the presence of single β phase.
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morphology of the precipitates indicates that they could be α phase.
Further characterization will be required to confirm their crystal
structure. The elemental partitioning of the alloying elements was
characterized using TEM–EDS. The analysis was performed for only
A500-4 as a representative condition. The elemental maps of Ti, Nb and
Sn are shown in Fig. 5. It can be seen that Ti partitions in the α phase
and Nb partitions in the β phase. The partitioning of Sn is not visually
discernible due to the low content of Sn overall in the alloy. However,
an intensity profile along the red arrow marked in Fig. 5c as shown in
Fig. 5d shows that Sn partitions preferentially in the β phase. Although
the partitioning of Sn in the β phase seems weak, it is consistent with

the reported literature wherein Sn was observed to partition pre-
ferentially in the β phase of Ti alloys (Bahl et al., 2017a; Salvador et al.,
2016; Wang et al., 2017). This suggests that Sn acts as a β stabilizer in
Ti-Nb-Sn alloy system.

The size and distribution of the precipitates will depend on the
mechanism of nucleation of α phase in TNS alloys. The TEM micro-
graphs of A400 (Fig. 4) indicate that there are more nucleation sites of
α precipitate in TNS-2 compared to TNS-4. A larger number of nu-
cleation sites leads to a large number precipitates in TNS-2 compared to
TNS-4. It is important to note here that the final α volume fraction is
similar in TNS-2 and TNS-4. In such a scenario at equilibrium, a larger
number of precipitates in TNS-2 will lead to smaller dimension of the
individual precipitates whereas, a smaller number of precipitates in
TNS-4 will lead to a larger dimension of the individual precipitates.
These results suggest that an increase in the Sn content, which is a β
stabilizer, lowers the kinetics of α precipitation whereas the equili-
brium volume fraction of precipitates remains largely unaffected.
Consequently, the size and distribution of the precipitates are governed
by the kinetics. The plausible effect of lower O content in TNS-4 alloy
on lowering the precipitation kinetics, however, cannot be completely
discounted. A similar effect of Zr in Ti-Nb-Zr alloys was observed where
an increase in the Zr content up to 8 wt% led to a marginal reduction in
the volume fraction of α phase as well as coarsening of the precipitates
(Málek et al., 2016). The element Zr behaves similarly to Sn such that it
acts as a β stabilizer in the presence of other β stabilizing elements in
metastable Ti alloys (Abdel-Hady et al., 2007).

3.2. Mechanical properties of TNS alloys

The yield strength is one of the most important mechanical prop-
erties of implant materials. As a primary indicator of yield strength,
hardness measurements have been performed for each of the alloys for
different microstructural conditions. Fig. 6a summarizes the results of
the hardness tests. The hardness of STQ-4 (200 HV) is lower compared
to STQ-2 (240 HV). Aging at 500 °C increases the hardness in both TNS-
2 and TNS-4 alloys. The hardness values are similar (~290 HV) in
A500-2 and A500-4 conditions. However, the increase in hardness with
respect to the STQ for the same alloy is significantly higher in A500-4
(~90 HV) as compared to A500-2 (50 HV). Aging at 600 °C leads to
softening in the TNS-2 alloy. The hardness of A600-2 decreased to 190
HV compared to 240 HV of STQ-2. Aging at 600 °C leads to marginal

Fig. 2. SEM micrographs of (a) A500-2 (b) A500-4
(c) A600-2 (d) A600-4 showing α precipitates in the
β matrix.

Fig. 3. XRD patterns of the aged specimens showing the presence of α + β phases.

Table 1
Volume fraction and dimensions of the precipitates in aged microstructures.

Alloy/
Microstructure

Volume
fraction %

Length (nm) Width (nm) Aspect
ratio

A500-2 34 85±20 20±5 4.2
A600-2 23 370±160 130±40 2.8
A500-4 31 330±150 45±10 7.3
A600-4 22 500±300 70±20 7.1
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Fig. 4. TEM (a) bright field and (b) dark field mi-
crographs of A400-2; (c) bright field and (d) dark
field micrographs of A400-4.

Fig. 5. TEM-EDS elemental maps of (a) Ti, (b) Nb, (c) Sn and (d)
line profile showing variation of Sn content along the red arrow
marked in (c). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this
article).
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strengthening in TNS-4. The hardness increased from 200 HV in STQ-4
to 210 HV in A600-4. Aside from hardness, yield strength (YS), ultimate
tensile strength (UTS) and ductility are important material parameters
that were evaluated from tensile tests. The corresponding stress strain
curves are shown in Fig. 6c. The tensile tests were not performed for
A600 conditions due to limited strengthening, as observed in the
hardness tests. The stress-strain data shown in Fig. 6c corroborates the
hardness data. The YS and UTS are lower for STQ-4 (YS =
460±20 MPa; UTS = 640±15 MPa) as compared to STQ-2 (YS =
640±20 MPa; UTS = 760±30 MPa). The ductility is higher for STQ-
4 (42± 4%) as compared to STQ-2 (35± 3%). The strength increases
after aging at 500 °C and is similar for A500-2 (YS = 870±15 MPa;
UTS = 930±10 MPa) and A500-4 (YS = 840±30 MPa; UTS =
900±30 MPa). The ductility is also similar for A500-2 (12±1%) and
A500-4 (15±3%).

The other important mechanical property for the implants is the
elastic modulus (E). Fig. 6b shows the indentation based E of the so-
lution treated and aged specimens. The value of E of the STQ-4
(64 GPa) is marginally lower as compared to the STQ-2 (68 GPa). The
elastic modulus of the aged specimens of TNS-2 and TNS-4 are similar
and in the range of 90–100 GPa.

The lower O content in TNS-4 compared to TNS-2 is likely re-
sponsible for the lower hardness of STQ-4 compared to STQ-2. Despite a
lower hardness of STQ-4 compared to STQ-2, the hardness is similar in
A500-4 and A500-2. Furthermore, hardness is higher for A600-4 com-
pared to A600-2. This implies that the age-hardening effect is more
pronounced in TNS-4 compared to TNS-2. Aside from the O content, the
strengthening in β Ti alloys is governed by the volume fraction and
morphology of the precipitates. Although the O content in TNS-4 alloy
was lower compared to TNS-2 alloy, the similar hardness in aged

condition implies that the strengthening is governed by precipitate
characteristics rather than by O content. Among the two important
precipitate characteristics, the volume fraction was similar whereas, the
morphology was different between TNS-2 and TNS-4 alloys. The higher
hardening capability of precipitates in TNS-4 can be attributed to the
higher aspect ratio of the precipitates. It is reported in the literature
that higher aspect ratio of precipitates leads to a higher critical resolved
shear stress for the motion of dislocation (Nie, 2003; Nie et al., 1996).
The hardness of A600-2 is lower than STQ-2 despite the presence of
nanoscale precipitates. This is likely due to the combination of matrix
softening and relatively coarser precipitates formed after aging treat-
ment as reported previously (Bahl et al., 2017a). However, softening is
not observed in A600-4 likely due to the markedly higher hardening
capability of the precipitates in TNS-4. Overall, these results suggest
that aging at 500 °C is a viable technique to achieve high strength β Ti
alloys desirable for orthopedic applications. The strengthening is also
accompanied by an increase in the elastic modulus due to the presence
of α phase, which has modulus higher than β phase. Nevertheless, E is
less than 100 GPa which, is significantly lower than E of other Ti alloys
such as Ti-6Al-4V (~ 115 GPa) along with the advantages of compar-
able strength and presence of non-toxic alloying elements.

Based on the above studies, owing to the most suitable micro-
structural and mechanical properties of the implant, the further elec-
trochemical and biological characterization was performed only for
STQ and A500 conditions in both the alloys. The A600 conditions were
not considered further since the strengthening was less compared to
A500 conditions with similar elastic modulus.

Fig. 6. Plot showing (a) hardness and (b) elastic modulus and (c) tensile stress-strain curves of the TNS-2 and TNS-4 alloys in single phase and dual phase microstructures.

S. Bahl et al. Journal of the Mechanical Behavior of Biomedical Materials 78 (2018) 124–133

129



3.3. Composition of the oxide layer and electrochemical behavior of TNS
alloys

The effect of alloy composition on the composition of the passive
layer formed on the TNS alloys was evaluated by XPS. For this purpose,
only STQ microstructures were evaluated. Fig. 7 shows the wide spectra
of STQ-2 and STQ-4 alloy. The peaks associated with Ti, Nb and Sn are
identified. The high resolution XPS spectra of Ti, Nb, Sn, O and C are
also shown in Fig. 7 which, reveal that the surface oxide primarily
consists of TiO2, Nb2O5, and SnO/SnO2. The oxygen is present in form
of metal oxides and hydroxides. The carbon peak observed is the ad-
ventitious carbon contamination from the atmosphere. Table 2 quan-
tifies the concentration of elements in the passive layer. The composi-
tion of the passive layer formed on the STQ-2 and STQ-4 specimens is
similar. Nevertheless, the fraction of Sn in the oxide layer is higher in
STQ-4 as compared to STQ-2 in line with higher Sn content in the base

metal.
Fig. 8a shows Tafel plots of the STQ and A500 specimens. Both the

TNS-2 and TNS-4 alloys show passivation behavior of Ti independent of
the microstructure. The values of corrosion current density ICORR and
corrosion potential ECORR as calculated by Tafel extrapolation method
are compiled in Table 3. The corrosion rates of the STQ specimens are

Fig. 7. (a) Wide XPS spectra of STQ-2 and STQ-4. High resolution XPS spectra of (b) Ti, (c) Nb, (d) Sn, (e) O and (f) C.

Table 2
Quantification of the elements present in the passive oxide layer in at%.

Element STQ-2 (at%) STQ-4 (at%)

C 39.8 37.9
O 48.1 47.8
Ti 7.6 9.9
Nb 4.1 3.9
Sn 0.3 0.5
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lower than corresponding A500 specimens for both TNS-2 and TNS-4
alloys. The corrosion rate of STQ-4 is marginally lower than STQ-2.
Similarly, the corrosion rate of A500-4 is slightly lower than A500-2. It
suggests that the corrosion resistance of TNS-4 alloy is slightly better
than TNS-2 alloys. Fig. 8b shows the Bode diagram (phase vs. fre-
quency) of the STQ and A500 specimens. The experimentally measured
spectra were modeled using the equivalent circuit (EQ) shown in
Fig. 8c. The term RS is the solution resistance. The circuit represents a
bi-oxide layer model. The passive layer is composed of a porous out-
ermost oxide layer and a compact inner oxide layer. The porous oxide
layer is described by a resistance RP and a constant phase element QP.
The constant phase element represents a non-ideal capacitor and is
described by a parameter ‘n’. A value of n< 1 represents a non-ideal
capacitor. The inner compact oxide is described only by constant phase
element QB. The values of the circuit elements are compiled in Table 3.
The difference between the various specimens is in the values of QB

which corresponds to the inner compact layer. The value is lower for
STQ specimens as compared to A500 specimens indicating the superior
nature of oxide layer formed on the former. The values of QB are lower
for STQ-4 compared to STQ-2 and lower for A500-4 compared to A500-
2. The values of QB corroborate the results of Tafel extrapolation that
TNS-4 alloys have slightly better corrosion resistance than TNS-2 alloys.

The values of corrosions rates of the TNS alloys measured in this
investigation are very low in both the single phase and aged micro-
structures. These corrosion rate values are similar to the corrosion rate
of commercially pure titanium measured in SBF, which is a well studied
biomaterial (Bahl et al., 2017a). The higher Sn content marginally
improved the corrosion resistance in TNS alloys. A similar decrease in

corrosion rate of Ti-Nb-Sn with an increase in Sn content in NaCl so-
lution has been reported previously (Zheng et al., 2006). In another
investigation, increase in Sn content up to 6 wt% increased the corro-
sion resistance in Ti-Nb-Sn alloys due to the continuous suppression of
ω and α” phases (Moraes et al., 2014). However, once the β phase was
retained, a further increase in the Sn content led to a decrease in the
corrosion resistance. The change in corrosion behavior with Sn content
is not due to change in the phases present as only single β was present
in both STQ-2 and STQ-4 alloys. Thus, the superior quality of oxide
layer formed on TNS-4 alloy compared to TNS-2 revealed by impedance
spectroscopy is responsible for better corrosion resistance in the former.
The corrosion rates in the aged specimens are higher compared to their
corresponding single β microstructures likely due to galvanic coupling
between β and α phases in the former, as reported previously (Bahl
et al., 2017a). Overall, TNS alloys with up to 4 wt% Sn are suitable for
biomedical applications from the point of view of electrochemical be-
havior.

3.4. Biological response of the TNS alloys

hMSCs are multipotent stem cells that can differentiate into osteo-
blasts. When implanted, an orthopedic device is likely to contact
hMSCs. Thus, hMSCs cultured on these alloys are indicative of the
biological response to these alloys. The DNA content of hMSCs as an
indicator of cell attachment and proliferation is shown in Fig. 9. Both
the alloys are cytocompatible as the hMSCs attached and proliferated
with time. The Sn content up to 4 wt% did not affect the attachment
and proliferation of hMSCs. The attachment and proliferation were also

Fig. 8. (a) Tafel plot and (b) Bode-phase plot of STQ-(2, 4) and A500-(2, 4). (c) Equivalent circuit used to fit the impedance data.

Table 3
Electrochemical parameters measured from Tafel plots and impedance spectroscopy.

Parameter STQ-2 STQ-4 A500-2 A500-4

Corrosion current density ICORR (× 10−7 A/cm2) 1.1± 0.6 0.7± 0.1 3.5± 0.5 2.7± 1.2
Corrosion potential ECORR (V vs. SCE) −0.31± 0.03 −0.30±0.02 −0.23± 0.04 −0.23± 0.03
Solution resistance RS (Ω cm2) 26±1 27±7 30±4 29±5
Resistance RP (× 105 Ω cm2) 1.5± 0.8 0.7± 0.1 0.8± 0.2 1.6± 1.4
Constant phase element QP (× 10−5 F cm−2) 5.1± 0.6 4.9± 1.2 3.3± 0.2 3.6± 0.4
nP 0.79± 0.08 0.84± 0.01 0.85±0.02 0.88± 0.03
Constant phase element QB (× 10−6 F cm−2) 27.1± 17.3 1.4± 0.4 55.3±31.2 35.1± 24.8
nB 0.98± 0.01 0.94± 0.07 0.91±0.08 0.85± 0.20
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found to be independent of the microstructure. The fluorescence mi-
crographs of hMSCs at 1 day, 3 days and 5 days are shown in Fig. 10.
The cells appear well spread at 1 day on all the specimens. The cell
numbers increased with time and no difference in cell numbers was
observed among the specimens as shown by DNA quantification
(Fig. 9).

Osteogenic differentiation is characterized by increased expression
of ALP, an early marker and deposition of minerals, which is taken as a
late marker. The mineralization and ALP activity measured at 14 days
to evaluate osteogenic differentiation is shown in Fig. 11. The mineral
content and ALP activity were normalized to DNA content at 14 days.
The two alloys TNS-2 and TNS-4 did not show any significant difference
in the mineral deposited irrespective of the microstructure (Fig. 11a).
The difference in ALP activity was not statistically significant on STQ-2
and STQ-4. Similarly, the ALP activity was not significantly different for
A500-2 and A500-4. The ALP activity of A500-4 was statistically lower
compared to STQ-2 and STQ-4. The ALP activity of A500-2 was

statistically lower compared to STQ-2. These results indicate that the Sn
content up to 4 wt% does not markedly alter the osteogenic differ-
entiation of hMSCs in TNS alloys. Although there is some statistically
significant difference between the ALP activity of STQ and A500, the
absolute difference is marginal. It can, therefore, be said that the dual
phase microstructure does not significantly alter the osteogenic differ-
entiation. Moreover, the mineral deposited as measured by ARS
(Fig. 11a) was similar in the dual phase and single phase micro-
structures. The results of the cell studies presented here suggest that the
TNS alloys with Sn content up to 4 wt% are suitable for biomedical
application. In our previous work (Bahl et al., 2017a), it was found that
Ti-32Nb-2Sn is cytocompatible and supports osteogenesis equally good
as cp-Ti. Therefore, by comparing the results of this work with the
previous report (Bahl et al., 2017a) it can be said that Ti-Nb-Sn alloys
with up to 4 wt% Sn are equally cytocompatible as cp-Ti.

4. Conclusion

In this investigation, two specially designed Sn containing β Ti al-
loys have been evaluated for their suitability for orthopedic implants.
The effects of Sn content on desirable mechanical, electrochemical and
biological properties have been evaluated. The role of Sn has been es-
tablished in stabilizing a single β phase which essentially rendered the
alloy suitable for implant applications. The elastic modulus reduced
with an increase in Sn content in the single phase microstructure. The
addition of higher Sn content increased the aspect ratio of α precipitates
on aging, rendering an overall increase in the strength of the alloy. The
corrosion rates of alloys in single phase and dual phase (aged) micro-
structures were very low and thus suitable for implant applications. The
corrosion resistance was higher for alloys with higher Sn content due to
the superior nature of the oxide layer. The addition of Sn up to 4 wt%
did not induce any cytotoxic effects on human mesenchymal stem cells
indicating its biocompatible nature. The Sn containing alloys were
found to be cytocompatible as they supported attachment, proliferation
and more importantly osteogenic differentiation of stem cells. Overall,
it can be said that the thermo-mechanically processed Sn containing β
Ti alloys have the desired properties for orthopedic applications such as

Fig. 9. DNA content on the specimens at 1 day, 3 days and 5 days after seeding cells.

Fig. 10. Fluorescence micrographs of hMSCs at 1 day, 3 days and 5 days after seeding cells. The nuclei are shown in blue and the actin filaments are shown in green. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article).
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high strength, low elastic modulus, high corrosion resistance and ex-
cellent biocompatibility.
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