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Abstract: The effects of Si addition on microstructures, mechanical and shape memory properties of Ti-55Ta biomedical alloy were
investigated. The results show that the microstructures consist of mainly «" martensite and a little § phase, and the grain size
decreases obviously with increasing Si addition. When x = 0.2, small (Ti, Ta);Si precipitates are formed at grain boundaries. With
further increasing Si content, the amount of the precipitates gradually increases. The tensile and yield strength of Ti-55Ta-xSi alloys
gradually increase with increasing Si addition, whereas elongation decreases. Ti-55Ta-0.18Si alloy exhibits the lowest elastic modulus
and the best shape memory recoverable strain. It is revealed that the refinement of grain and the precipitation of (Ti, Ta);Si phase are
responsible to the changes of their mechanical and shape memory properties.
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1 Introduction

Ti-Ni based shape memory alloys (SMAs) have
been widely used as biomedical materials, such as
orthodontic wire, guide wire, catheter and stent, due to
their good superelasticity (SE), shape memory effect
(SME), and high corrosion resistance[1]. However, since
the Ni-hypersensitivity and toxicity of Ni ion have been
revealed in Ti-Ni based alloys[2], the study of new
Ni-free Ti-based SMAs for biomedical applications
becomes necessarily needed.

It is well known that some f-Ti alloys exhibit SME
as well as SE, originating from the reversible martensitic
transformation  between "  martensite  phase
(orthorhombic structure) and § parent phase (disordered
bee)[3], as appeared in Ti-Nb[4—5], Ti-Mo[6—7], Ti-V[8]
and Ti-Ta based alloys[9—10]. However, the critical
stress for slip in Ti-Nb alloys is too low to obtain good
SME, Ti-Mo alloys are susceptible to « phase
embrittlement, and Ti-V alloys may not be suitable for
biomedical materials due to the cytotoxicity of V
element. In our previous investigation[10], Ti-55Ta alloy
exhibits a good SME with 3.32% of reversible strain, and

elastic modulus ranging from 66 to 75 GPa, which are
much closer to the modulus of human bone as compared
with that of Ti-6Al-4V[11]. Thus Ti-Ta alloys exhibit
great potentials as a new Ni-free Ti-based biomedical
material, considering their good SME, low modulus and
even higher corrosion resistance with the present of
noble element Ta. On the other hand, it is also well
known that SME can be improved by alloying and
thermo-mechanical treatment. BERMINGHAM et al[12]
have reported that a small amount of Si addition can
refine the grain size of Ti alloys. Therefore, in this study,
Si element up to 0.3% (mass fraction) was added to
Ti-55Ta alloy, and the microstructures, mechanical
properties, as well as SMEs, were investigated. The
obtained results will be beneficial for the development of
Ti-Ta alloys as a new Ni-free Ti-based biomedical
material.

2 Experimental

Polycrystalline buttons of Ti-55Ta-xSi (x= 0, 0.1 0.2,
0.3, %, mass fraction, the same below if not mentioned)
alloys were arc-melted over six times under argon
atmosphere to ensure homogeneity with high pure
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sponge titanium (99.65%), pure tantalum (99.9%) and
pure silicon (99.99%). The mass loss during arc-melting
was negligibly small. After homogenization treatment,
the ingots were hot-rolled at 1 123 K to thin plates with
about 1 mm in thickness. Specimens for various tests
were cut from the plates by electro-discharge machine.
Then the specimens were sealed in quartz tubes under
argon atmosphere, and annealed at 1 073 K for 6 min
followed by quenching into ice water.

The phase structure was identified by a Panalytical
X’pert PRO with Cu K, radiation. The microstructure
was observed with an optical microscope (OM) after
being etched in a solution of 20% HF + 10% HNO; +
70% H,0, and with a JEOL, JXA-8100 back-scattered
electron (BSE) machine. Compositions of the phase
constituents were determined by electron probe
microanalysis (EPMA). The martensitic transformation
temperature was measured by differential scanning
calorimetry (DSC) (Netzsch STA 404) at heating and
cooling rates of 10 °C/min. The mechanical properties
and SMEs were tested by tensile method using a
Galdabini Sun 2500 machine at a strain rate of 10 s™".
The tensile direction was parallel to the rolling direction.

3 Results and discussion

3.1 Microstructure
Fig.1 shows the X-ray diffraction patterns of

micrograph); (d) x = 0.3

Ti-55Ta-xSi (x = 0, 0.1 0.2, 0.3) alloys at room
temperature, which were solution-annealed at 1 073 K
and followed by ice-water quenching. All the reflection
patterns can be indexed by two phases containing the
main orthorhombic structure o" phase and a little bcc
structure S phase, similar to the previous
investigation[10]. It can be concluded that the crystal
structures of Ti-55Ta-xSi alloys have not been obviously
changed by Si addition. However, their microstructures
appear an obvious variety, as shown in Fig.2.
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Fig.1 X-ray diffraction patterns of Ti-55Ta-xSi (x = 0, 0.1 0.2,
0.3) alloys
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Nearly equiaxed grains are exhibited for all
Ti-55Ta-xSi alloys, and the grain size decreases
obviously with increasing Si content, as shown in Fig.2.
Typical martensite needles can also be obviously
observed. Particularly, when the Si content is 0.2%,
small precipitates appear at the grain boundaries, which
may be resulted from the excessive Si. The amount of the
precipitates increases with increasing Si content. And
the formation of this precipitate at the grain boundaries
may strongly hinder the grain growth, resulting in finer
grain size. According to Ti-Si and Ta-Si binary phase
diagrams[13], the solubilities of Si in both Ti and Ta are
very small, and Ti;Si and Ta;Si intermetallic compounds
will form with excessive Si. Similar phenomenon has
also been discovered in Ti-Nb-Al-Si alloys in Ref.[14],
where (Ti, Nb);Si precipitate phase was formed. Fig.3
shows the BSE image of Ti-55Ta-0.2Si alloy in the
present study. The dark precipitation can be clearly
observed, mainly distributing along grain boundaries. It
is well known that the contrast of BSE image is closely
related to the atomic number. When the elements have
higher atomic number, their BSE images will be brighter,
whereas be darker with smaller atomic number. In this
study, the Si atomic number is obvious smaller than that
of Ti or Ta. Therefore, it can be deduced that the dark
precipitation has a higher Si content than the matrix
phase. The chemical compositions of this precipitation
cannot be accurately determined by EPMA due to its
small grain size of about 1um. However, this speculation
can be confirmed by the map-scanning analysis taken by
EMPA, showing a higher Si content in the precipitation,
whereas almost no Si in the matrix phase due to its very
small solubility in a" phase and f phase. The chemical
formula of this precipitate can be guessed to be (Ti,
Ta);Si  according to (Ti, Nb);Si in
investigation[14]. The minor amount, small size and

previous

highly dispersed state of (Ti, Ta);Si phases account for
the absence of their diffraction peaks in X-ray patterns.

Fig.3 BSE image of Ti-55Ta-0.2Si alloy

In this study, the martensitic transformation
temperatures of Ti-55Ta-xSi alloys cannot be clearly
detected by DSC. One possible reason is the latent heats
associated with the martensitic transformation in
Ti-55Ta-xSi alloys are too small to be detected.
According to our previous investigation[10], the
martensitic transformation temperature of Ti-55Ta alloy
is around room temperature. In the present study,
Ti-55Ta-xSi alloys consist of mainly " martensite phase
and a little f phase. The intensities of the XRD
diffraction peaks have no obvious change with the
addition of Si, and the solubility of Si in a" martensite
phase is very small. All these information indicate that
the martensitic transformation temperatures of
Ti-55Ta-xSi alloys are close to that of Ti-55Ta alloy,
which is around room temperature.

3.2 Mechanical and shape memory properties

Fig4 shows the stress — strain curves and
mechanical properties of Ti-55Ta-xSi (x =0, 0.1 0.2, 0.3)
alloys obtained by tensile tests at room temperature.
From Fig.4(a), the obvious double yielding phenomenon
can be observed for all experimental
alloys. The first yielding is followed by the initial linear
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Fig.4 Stress—strain curves (a) and mechanical properties (b) of
Ti-55Ta-xSi (x=0, 0.1 0.2, 0.3) alloys under solution annealed
at1 073 K
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elastic ~ deformation. Taking into account the
microstructures of Ti-55Ta-xSi alloys, all experimental
alloys exhibit two phases containing main martensite o"
phase and a little bec f phase. It can be deduced that the
first yielding is mainly due to the reorientation of
martensite variants and/or detwinning, not the stress
induced martensite. The similar double yielding
phenomenon has also been observed in Ti-Nb binary
alloys[5] and Ti-22Nb-(2-8)Zr ternary alloys[15]. It is
well known that the strain could be recovered due to
SME occurrences only through the reorientation of
martensitic variants and, in general, a large strain due to
reorientation of martensite varies means a good shape
memory recovery. Therefore, it can be deduced that
Ti-55Ta-0.1Si alloy will possess a good shape memory
behavior, since it exhibits the largest strain in the first
yielding among those experimental alloys.

Fig.4(b) shows the mechanical properties of
Ti-55Ta-xSi (x = 0, 0.1 0.2, 0.3) alloys. It can be seen
that the tensile strength and yield strength both increase
gradually with increasing Si content. The tensile
strengths are measured to be 578, 597, 632 and 685 MPa
for x = 0, 0.1 0.2, 0.3, respectively. The yield strengths,
associating with the reorientation of martensitic variants
and/or detwinning, are 418, 428, 448 and 497 MPa,
respectively. The increase of both tensile strength and
yield strength in Ti-55Ta-xSi alloys is easily understood
when we remember that the grain sizes decrease greatly
with increasing Si content, as more grain boundaries can
effectively hinder the plastic deformation and increase
the strength. At the same time, with increasing Si content,
the introduction of the (Ti, Ta);Si precipitates will also
contribute to the increase of tensile and yield strength.
The elongations at fracture for Ti-55Ta-xSi (x = 0, 0.1
0.2, 0.3) alloys gradually decrease with increasing Si
content, which are measured to be 21.3%, 20.2%, 11.0%
and 9.6% for x = 0, 0.1, 0.2, 0.3, respectively. It is
general accepted that the refinement of grain size will
prevent the propagation of the cracks, thus resulting in
good plasticity. However, in this study, the plasticity of
Ti-55Ta-xSi alloys gradually decreases with the decrease
of grain size by increasing Si content. It can be
understood that the of (Ti, Ta);Si
precipitations at the grain boundaries, makes the

formation

interfaces more rough, which leads to easier crack
propagation.

The elastic moduli of Ti-55Ta-xSi alloys are
measured to be 75.3, 70.7, 76 and 78 GPa for x =0, 0.1,
0.2, 0.3, respectively. When x = 0.1, the elastic modulus
abruptly decreases, then increases gradually with
increasing Si content. This should be due to the grain
refinement, since the grain boundaries have lower elastic
modulus than grains due to high dense defects[16]. There

is also a tendency to develop biomedical Ti alloys with
low elastic modulus by fabricating the nano-structured Ti
alloys[16]. In this study, the refinement of grain size has
been achieved by the addition of Si, which may
contribute to the lower elastic modulus with 0.1% Si
addition. On the other hand, the brittle (Ti, Ta);Si phase
has higher elastic modulus than matrix, and it will
increase the elastic modulus of the alloys. As a result,
when the Si content further increases from 0.1% to 0.2%
and 0.3%, the elastic modulus of Ti-55Ta-xSi increases
from 70.7 GPa to 76 GPa and 78.0 GPa, due to the
formation of (Ti, Ta);Si precipitates.

The SMEs of Ti-55Ta-xSi alloys were measured by
tensile tests at room temperature, and the relationship
between the shape recovery ratios and the residual strains
is shown in Fig.5. The shape recovery ratios gradually
decrease with increasing residual strains for all the
experimental alloys. However, it can be clearly observed
that SMEs abruptly increase when 0.1% Si is added into
Ti-55Ta alloy. Then with increasing Si addition, the
SMEs of Ti-55Ta-xSi alloys gradually decrease. However,
the addition of Si is beneficial to the SME of Ti-55Ta-xSi
alloys, as shown in Fig.5. It is believed that the changes
of SMEs with Si content in Ti-55Ta-xSi alloys are
resulted from the integrated actions of two following
aspects. One is the enhancement of the strength
originated from the grain refinement, which will
decrease the permanent slipping strains. This factor is
beneficial to the SME. Another is the increase of grain
boundaries and the formation of (Ti, Ta);Si precipitates,
which will hinder the movement of martensite
reorientation. This factor is negative to the SME. When x
= 0.1, the SMEs abruptly increase, where the benefits of
the enhancement of yield strength play a main role on the
improvement of SMEs. With the further increase of Si
content, the later aspect will play the main role and result
in the deterioration of SME.
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Fig.5 Relationship between shape recovery rate and residual
strains for Ti-55Ta-xSi (x =0, 0.1, 0.2, 0.3) alloys
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4 Conclusions

1) The microstructures of Ti-55Ta-xSi (x = 0, 0.1,
0.2, 0.3, %) consist of main " martensite and a little bce
J phase.

2) With increasing Si content, the tensile and yield
strengths  gradually increase, whereas elongation
decreases. When x = 0.1, the alloy exhibits the lowest
elastic modulus and the best SME among those studied
alloys. With further increasing Si content, the elastic
modulus gradually increases and SME decreases.

3) The refinement of grain size and the precipitation
of (Ti, Ta);Si phase are responsible to the variety of the
mechanical and shape memory properties of Ti-55Ta-xSi
alloys.
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