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EFFECT OF CONTROLLED POROSITY ON THE MECHANICAL PROPERTIES
OF Ti-Zr-Sn-Mo BIOMEDICAL ALLOYS

In this study, a simple and effective way to fabricate highly porous scaffolds with controlled porosity and pore size is demon-
strated. Ti-7Zr-6Sn-3Mo shape memory alloy fibers were prepared through a melt overflow process. The scaffolds with porosity of
65-85% and large pores of 100-700 pum in size were fabricated by sintering the as-solidified fibers. Microstructures and transformation
behaviors of the porous scaffolds were investigated by means of SEM, DSC and XRD. The scaffolds were composed of p phase at
room temperature. Superelasticity with the superelastic recovery strain of 7.4% was achieved by f <> o phase transformation. An
effect of porosity on mechanical properties of porous scaffolds was investigated by using compressive test. As the porosity increased
from 65% to 85%, elastic modulus and compressive strength decreased from 0.95 to 0.06 GPa and from 27 to 2 MPa, respectively.
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1. Introduction

Osteoporosis is one of the serious diseases for aged people
around the world. This leads to reduce the dense of trabecular
or cancellous bones which is having relatively high porosity. It
is estimated that 50% women and 20% men over their 50 years
of age experience an osteoporosis in some part of the bones [1].
Bone replacement surgery is a straightforward alternative to
cope with osteoporosis. The replacing materials have to meet
the requirement of mechanical properties of the corresponding
bone tissue as well as their biocompatibility. TiNi shape memory
alloys have already been extensively applied as metallic bio-
materials in making biomedical apparatus and implant devices,
such as orthodontic arch wires and bone plates, due to their good
biocompatibility, excellent corrosion resistance and low elastic
modulus [2]. However, there have been a concern regarding the
risk of Ni allergy and hypersensitivity for long term use [3].
Recently, B-Ti shape memory alloys have an attracted attention
due to their good biocompatibility and Ni-free biomaterials.
Endoh et al. have reported that Ti-Zr-Mo-Sn alloys exhibit su-
perelasticity at body temperature for use as biomedical materi-
als [4]. Furthermore, Ni-free Ti-based shape memory alloys in
porous form have attracted an additional interest as biomaterials

for implantation since the introduction of pores into the bulk
material provides ingrowth of living tissues and firm fixation in
addition to producing light weight ductile shape memory alloys
[5,6]. Especially, it is possible to decrease the elastic modulus of
the implants by increasing their porosity. The increased porosity
reduces the mismatch in stiffness between bone and implant and
then eliminates stress shielding effects which shorten the life-
time of the implant through bone resorption and loosening [7].

Powder metallurgy is known to be a promising method for
the production of porous near-net-shape components [8]. It was
reported that the porosity produced by self-propagating high
temperature synthesis (SHS) of elemental Ti and Ni powders as
well as by powder metallurgical process of Ti-Ni alloy powders
was less than 60% [9]. However, porosity levels would need to
be relatively higher, in order to bring down the stiffness of the
metallic materials sufficiently to match that of bone. Such high
porosity would also favor bone in-growth, and hence good adhe-
sion. In this study, a new method to fabricate the highly porous
shape memory alloys is proposed. Fine Ti-7Zr-6Sn-3Mo (at%)
alloy fibers were prepared through a melt overflow process.
The porous scaffolds were produced by using the solid-state
sintering of the fibers, and the effect of the high porosity on the
mechanical performances was investigated.
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2. Experimental

Ti-7Zr-6Sn-3Mo (at%) alloy ingots were prepared from
high purity elements of titanium, nickel and molybdenum by
a non-consumable arc-melting system under an argon atmos-
phere. The ingots were re-melted more than five times under
a high purity of argon atmosphere to achieve the homogeneous
chemical composition. In the present study, the experimental
works to make fine alloy fibers were performed by using a labo-
ratory scale arc melt overflow. About 30 grams of the ingot was
placed in a water-cooled hearth, and skull-melted under argon
atmosphere by a plasma beam. Then, the hearth was tilted about
the rotating quenching wheel, which was made of molybdenum.
The liquid metal overflowed over a relatively horizontal edge or
pour spot, to contact the cooling wheel surface. The quenching
wheel substrate served as a continuous permanent mold, against
which the casting solidified. The thickness of the fibers can be
controlled by the rotating speed of the wheel. The dimension
of the Mo cooling wheels was 122 mm and 10 mm in diameter
and width. Its tip was acutely machined, in order to produce the
shape of fibers or filaments. The speed of the cooling wheel was
kept at 1200 rpm to produce relatively thin fibers.

These rapidly solidified fibers were cut into segments with
the length ranged from 5 to 10 mm. The fiber segments were
uniformly put into the predetermined packing chamber of the
graphite mold and then pressure was applied by screwing the
bolts so as to conform the strong contact of fibers during sinter-
ing. Sintering was carried out in a vacuum induction furnace
under a high vacuum atmosphere. The sintering temperature and
time were 1300°C and 30 min, respectively. Fractional poros-
ity is defined as the ratio of pore volume to total volume [10].
The scaffolds with three different porosities were fabricated to
investigate the effect of porosity on mechanical properties. It
was reported that the porosity of the scaffold was about 70-90%
in cancellous bone [11]. Thus, in this study, the scaffolds of 65,
75 and 85% porosity were fabricated by filling the cavity of the
designed mold with 2.8217,2.0155 and 1.2093 grams of the fib-
ers, respectively. Transformation temperatures were measured
by using differential scanning calorimetry (DSC) at a cooling
and heating rate of 10 °C /min. Crystal phases were identified
by using X-ray diffraction (XRD), with CuKa radiation. Micro-
structural investigations were performed by FE-SEM (ZEISS
GeminiSEM 300). The mechanical properties of the porous
scaffolds were investigated by uniaxial compression experiments
(an Instron 6820 model) with a strain rate of 0.24 mm/min.

3. Results and Discussion

Fig. 1 shows the rapidly solidified Ti-7Zr-6Sn-3Mo alloy
fibers prepared by the melt overflow processing. The continuous
fibers of about 70 um diameter were fabricated at the linear speed
of 7.7 m/s under a high vacuum atmosphere. DSC measurement
was performed to investigate the transformation behavior of the
fibers. Fig. 2(a) shows the DSC curve of the as-solidified fibers.

Any DSC peak was observed during heating and subsequent
cooling. This may be due to the small enthalpy of the transforma-
tion associated with B (parent phase) — «” (martensitic phase)
[12]. Fig. 2(b) shows XRD profile of the as-solidified fiber at

Fig. 1. A photograph of as-solidified Ti-7Zr-6Sn-3Mo (at%) fibers
fabricated by a melt overflow process
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Fig. 2. (a) DSC curve and (B) XRD pattern of as-solidified Ti-7Zr-
6Sn-3Mo fibers



room temperature (298 K). The fibers appeared to be single
B phase with four XRD peaks of B(110), f(200), B(211) and
B(220). This result reflects that the § — o”” martensitic transfor-
mation and the o’ — [ reverse martensitic transformation do not
occur at room temperature, and then M, (martensitic transforma-
tion start temperature) and A (reverse martensitic transformation
finish temperature) of the fibers are lower than room temperature.

The as-solidified fibers were sintered under a low press to
make the firm bond that linked one fiber to another, and then
large pores were formed. Fig. 3(a) shows the photograph of the
scaffolds with three different porosities of 65%, 75% and 85%,
respectively. The dimension of the as-sintered scaffolds was
10 mm width, 10 mm length and 15 mm height. SEM images
were taken from the cross-section of the as-sintered scaffolds.

()

Fig. 3. (a) A photograph of as-sintered Ti-7Zr-6Sn-3Mo scaffolds and
SEM images of the scaffolds with (b) 65, (c) 75, and (d) 85% porosity
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Fig. 3 (b)~(d) show SEM micrographs of the scaffolds with 60,
70 and 80% porosity, respectively. Most sintering joints were
produced between two single fibers at crossover points during
sintering. The pores, which were formed by three-dimensionally
networking structures of the thin fibers, were fully interconnected
as open-cell geometries. The pore size of the scaffolds varied
widely from 100 to 700 pm. However, the average pore size could
be controlled by a variation of the porosity, and then the increase
of porosity resulted in a substantial increase of the pore size, as
shown in Fig 3(b)-(d). It is well known that the larger pore size
is good for enhancing bone ingrowth. Itin et al. reported that
the size of pores in porous bone substitutes varying from 100 to
500 pm was optimal for new bone tissue ingrowth [13]. In this
study, the porous scaffolds fabricated by the fibers matches well
with the requirement of porosity and pore size in cancellous bone.
Therefore, the open-pores in the Ti-Zr-Sn-Mo alloy scaffold are
large enough to provide space for ingrowing tissue cells and
extensive body fluid transportation through the scaffold matrix.

Loading-unloading compressive tests were carried out to
investigate the mechanical behaviors of porous Ti-Zr-Sn-Mo
shape memory alloy scaffolds. The compressive stress was
applied until the deformation strain reached 15%, after which
it was released at the same ramp rate, as shown in Fig. 4. The
stress—strain curves showed two stages of deformation: a linear
region corresponding to initial stage of elastic deformation of
the parent B phase, and a stress plateau region corresponding to
stress-induced martensitic transformation stage. The stress for
martensitic transformation of the scaffolds decreased rapidly
from 15 MPa to 1.5 MPa, when the porosity increased from 65
to 85%. The increase of the porosity from 65 to 85% resulted in
a rapid decrease of the compressive strength from 27 to 2 MPa
at 15% strain. After unloading, superelastic behaviors were ob-
served in all scaffolds. The elastic recovery strain (g,) and the
superelastic recovery strain (g,) were indicated in Fig. 4. The
superelastic recovery increased with increase in the porosity,
and the maximum superelastic recovery of 7.4 % was observed
in the scaffold of 85% porosity.

In Fig. 4, variation of the elastic moduli obtained from the
stress-strain curves is shown as the function of the porosity. Upon
increasing the porosity from 65 to 85%, the elastic modulus
decreased from 0.95 to 0.06 GPa. Their low elastic moduli are
the valuable mechanical property of porous Ti-7Zr-6Sn-3Mo
scaffolds. Elastic modulus of cancellous bone is between 0.1 and
2 GPa and its compressive strength is between 2 and 20 MPa
[14]. Even though TiNi alloys have similar deformation behavior
with that of bone compared with other metallic materials [15],
the elastic moduli of fully dense TiNi alloys range from 40 to
90 GPa for austenite phase and from 20 to 50 GPa for martensite
phase [16,17], which are still higher than that of cancellous bone.
However, the mechanical properties (compressive strength,
superelastic strain and modulus) of the porous Ti-Zr-Sn-Mo
scaffolds meet the requirements of mechanical properties for
cancellous bone, and then the porous Ti-Zr-Sn-Mo scaffolds
must be a great potential implant material to replace the dam-
aged cancellous bone.
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Fig. 4. Compressive stress-strain curves of the scaffolds with (a) 65,
(b) 75 and (c) 85% porosity

4. Conclusions

Ti-Zr-Sn-Mo shape memory alloy fibers were prepared
through a melt overflow process. Ni-free scaffolds with a range
of porosity from 65 to 85 % were synthesized by the solid-state
sintering of as-solidified fibers. The pores exhibited three-

dimensionally networking structures of the thin fibers and were
fully interconnected as open-cell. The pore size varied widely
from 100 to 700 um. These open-pores were large enough to
transport extensive body fluid and facilitated bone ingrowth.
The porous scaffold exhibited the excellent superelasticity with
arecovery strain of 7.4% at room temperature. Upon increasing
the porosity of scaffolds from 65 to 85%, the elastic modulus
and the compressive strength decreased from 0.95 to 0.06 GPa
and from 28 to 2 MPa, respectively. These excellent mechani-
cal properties for implant materials matched well with those of
cancellous bone, which could reduce the stress shield effect.
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