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Recent Progress in Ti-Based Metallic Glasses for Application as Biomaterials
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Ti-based bulk metallic glasses are of great interest in biomedical applications due to their high corrosion resistance, excellent mechanical
properties and good biocompatibility. This article reviews recent progress in the development of Ti-based metallic glasses for the application as
biomaterials. Ti-based (Ti—Zr-Cu-Pd, Ti—Zr—Cu-Pd-Sn, and Ti—Zr-Cu-Pd-Nb) bulk metallic glasses without toxic and allergic elements have
been developed. These glassy alloys exhibited high glass-forming ability, high strength, large plasticity, good corrosion resistance and excellent
biocompatibility, which open possibilities to create Ti-based metallic glass implants. Using a spark plasma sintering process, large-size Ti-based
bulk metallic glasses and the composites with hydroxyapatite, as well as porous glassy alloys having approximate Young’s modulus with that of

bone were developed. [doi:10.2320/matertrans. MF201315]
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1. Introduction

Metallic materials owing to their excellent mechanical
strength and resilience show a great potential for replacing
failed hard tissue, and are superior in many aspects to
alternative biomaterials such as ceramics and polymers. To
assure long life-time of the load-bearing orthopedic implants,
biomaterials need to satisfy the following requirements:'
(1) They should not contain toxic or non-biocompatible
elements (e.g., Ni or Be), and this places stringent restriction
to the choice of alloying elements. (2) Their long service life
coupled with the variety of human activity demands excellent
mechanical properties, primarily high strength and high
fatigue resistance, but low elastic modulus. This is a big
challenge because for crystalline materials their strength and
elastic modulus tend to increase or decrease simultaneously.
(3) Wear resistance is important because wear causes not
only implant loosening but also harmful reactions if the
wear debris is deposited in the tissue. (4) Biochemical
compatibility requires the implanted materials to possess
superior corrosion resistance in body environment and be
bioactive. Presently, the materials used for these applications
are 316L stainless steel, cobalt chromium alloys, and
titanium-based alloys. Unfortunately, these materials have
exhibited tendencies to fail after long-term use due to various
reasons. >

Bulk metallic glasses (BMGs) have been rapidly devel-
oped in the past two decades in many alloy systems because
of their unique excellent physical, chemical, and mechanical
properties compared with conventional crystalline alloys
such as high strength, high elastic limit, low Young’s
modulus and excellent corrosion and wear resistances.””
Among the glassy alloys, Ti-based BMGs are expected to
be applied as biomedical materials. Many Ti-based BMGs
have been developed in the framework of the Ti-Ni—Cu,*!7)
Ti-Zr-Be'32D and Ti-Zr-Cu-Ni**2% alloy systems, based
on the Inoue’s three empirical rules,’*® ie., (1) multi-
component consisting of more than three elements, (2)
significant atomic size mismatches above 12% among the
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main three elements, and (3) negative heats of mixing among
the main elements. However, these Ti-based BMGs contain
Ni and/or Be, etc., which are not suitable to be in contact
with human body because of the cytotoxicity, limiting the
application of Ti-based BMGs in biomedical fields. The
solute elements like Ni, Be, etc., leading to the decrease
in the critical cooling rate are known as essential alloying
elements for fabrication of Ti-based BMGs. So it is of
scientific and technological interest to synthesize new Ti-
based BMGs free to toxic elements. This paper reviews
recent results on development of the Ni- and Be-free Ti-based
BMGs for biomedical applications.

2. Development of Ti-Based Metallic Glasses with
Potential for Biomaterial Applications

2.1 Ni- and Be-free Ti-based bulk metallic glasses
Since Pd and Ni belong to the same family in an element
periodic table, the replacement of Ni by Pd has been
explored. The Ti—Zr—Cu-Pd quaternary bulk glassy alloys
without toxic and allergic elements such as Ni and Be have
been developed.?’? Figure 1 shows the composition de-
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Fig. 1 Critical diameters (mm) of Ti-Zr—Cu-Pd glassy alloy rods produced

by copper mold casting.?”)
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Fig. 2 Outer surface of cast TigoZr;oCus¢Pd 4 and TigoZr;oCussPd;, bulk
glassy alloy rods with a diameter of 6 mm.>"
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Fig. 3 Anodic and cathodic polarization curves of the TisgZr;oCuscPdi4
bulk glassy alloy of the as-cast and via annealing treatment immersed in
Hanks’ solution at 310 K. The curves of pure Ti and Ti-6Al-4V alloy are
also shown for comparison.’?

pendence of critical diameters (d;.) of Ti—Zr-Cu—Pd glassy
alloy rods produced by copper mold casting.?” The Ti—Zr—
Cu-Pd glassy alloys exhibit high glass-forming ability (GFA)
(with critical diameters of 7mm) and relatively large
supercooled liquid region (ATx) of over 50K. The
TiggZr1oCuzsPd 4 glassy alloy had the highest GFA. The
compressive strength and the Young’s modulus were
1950 MPa and 82 GPa, respectively.’? Figure 2 shows typi-
cal outer appearance of the Ti—Zr—Cu-Pd glassy alloy rods.
The results of potentiodynamic polarization measurements
revealed that the TiygZroCuscPd 4 glassy alloy was sponta-
neously passivated by anodic polarization in Hanks’ solution,
as shown in Fig. 33" The passive current density of as-cast
TisoZr10CusePd 4 glassy alloy is about 107> Am~2. It is lower
than that of pure Ti and commercial Ti-6A1-4V alloy,
indicating that more protective and denser passive film is
formed on the surface of the Ti-based glassy alloy in the
anodic process before onset potential of the pitting.

2.2 Improvement of mechanical and corrosion proper-
ties

Bulk metallic glasses usually exhibit low plasticity due to
the absence of dislocation activity and the rapid propagation
of few shear bands throughout the sample under application
of mechanical stress. Like most metallic glasses, the Ti—Zr—
Cu-Pd glassy alloys also exhibit low plasticity. Several
strategies have been pursued to improve the plasticity of
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this type of alloys. For example, annealing treatments at
intermediate temperatures, i.e., between the glass transition
temperature (7,) and the crystallization temperature (Tx), can
result in a certain increase of plastic strain,’? as well as a
increase of hardness.3® However, different (and sometimes
contrasting) effects are often observed after annealing
depending on the exact alloy composition and the heat
treatment conditions. For example, apart from causing
nucleation and growth of nanocrystals, the annealing process
usually affects also the amorphous matrix in different ways.
First, since the nanocrystals typically have a different
composition from that of the matrix, the composition of
the matrix will change as well, sometimes resulting in a
different overall mechanical behavior. Another consideration
is that the annealing process (often carried out above the
glass transition temperature (7,)) will change the state of
structural relaxation of the matrix, causing a reduction of free
volume that can be expressed as a change in the fictive
temperature of the glass.>** Usually, a reduction in free
volume due to structural relaxation leads to embrittlement of
the glass.’¢37)

The minor addition is an effective way for enhanced
mechanical properties, as well as for improved the GFA and
corrosion resistance of the Ti-based glassy alloys. The minor
addition is fundamental to controlling the formation,
manufacture and properties of materials because the nucle-
ation of crystalline phases is relevant for all solidification
and the minor addition is an effective way to control the
nucleation.

Addition of Sn is helpful in term of glass formation
and improving the thermal stability for Ti-based glassy
alloys.?®3% Substitution of Cu by 2at% Sn in a TisZryo-
Cus¢Pd;4 glassy alloy increased the plasticity (around 3%)
without compromising the strength,*® also improved signifi-
cantly the GFA of the resulting alloy.” The TisZro-
Cus4Pd;4Sn; bulk glassy alloy rod with a diameter of 12 mm
has been fabricated by copper mold casting technique
(Fig. 4). The additions of 2~4at% Sn enlarged the super-
cooled liquid region, indicating good thermal stability. Ti—
Zr—Cu—Pd—Sn bulk glassy alloys exhibited high compressive
strength of about 2000-2050 MPa.>® Moreover, the Ti—Zr—
Cu-Pd-Sn bulk glassy alloys also exhibited a higher
corrosion resistance and lower passive current density than
those of pure Ti and Ti-6Al-4V alloy when they were
immersed in NaCl, H,SO,, lactic acid, PBS (phosphate-
buffered saline without calcium and magnesium salts
solution) and HBSS (Hanks’ balance salt solution without
calcium, magnesium and phenol red), respectively, at
310 K. 4042

Minor additions of noble elements such as Au and Pt also
improved significantly plastic stain of the Ti—Zr—Cu-Pd
glassy alloys (Fig. 5), due to nano-particles dispersed in the
glassy matrix blocking the propagation of shear bands.*»
High yield strength of about 2000 MPa, low Young’s
modulus of about 80 GPa and distinct plastic strain of about
1.5-10% were achieved in 1% noble element-added alloys.
In addition, only 1at% Si addition was effective in facil-
itating glass formation for the Ti-based glassy alloys,’** and
minor Si addition was favor of enlarging the super liquid
region (SCL).24:43:46)
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Fig. 5 Compressive stress—strain curves of the (TigZr;oCussPdi4)ooM;
alloys.

The most convenient element to be added to Ti—Zr—Cu-Pd
glassy alloys has been shown to be Nb.*’% This element
is tougher than Sn, it is biocompatible, and it can enhance
the plasticity of BMGs by (1) in-situ formation of ductile
bee phase,®'3?) (2) formation of quasi-crystals®® or medium
range ordered (MRO) clusters®® and (3) nano-particles
embedded in the glassy matrix.*” High strength and distinct
plastic strain were observed in the stress—strain curves for
Nb-added Ti—Zr—Cu-Pd alloys. In particular, yield strength
exceeding 2050 MPa, low Young’s modulus of about 80 GPa
and distinct plastic strain of 6.5 and 8.5% corresponding to
serrated flow sections are obtained in the 1% (Fig. 5) and 3%
Nb-added alloys, respectively.*” The additions of the minor
Nb or Ta also exhibit higher corrosion resistance,” as shown
in Fig. 6.

2.3 Large-size Ti-based metallic glasses and the compo-
sites by powder metallurgy

It is well known that the BMGs are commonly produced
by using two kinds of production techniques of solidification
such as copper mould casting, water quenching, etc., and
consolidation. However, using solidification technique, a
rather high cooling rate is required to suppress the formation
of more thermodynamically stable crystalline phases. Sample
size and shape are seriously limited, thereby limiting the
range of their applications. On the other hand, using
consolidation technique, it is possible to produce larger
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Fig. 6 Potentiodynamic polarization curves of the (TigZr;oCussPd;4)90M;
alloys immersed in Hanks’ solution at 310 K. The curves of pure Ti and
Ti-6Al-4V alloy are also shown for comparison.

metallic glassy alloy parts in a variety of shapes than those
fabricated by solidification technique. Spark plasma sintering
(SPS) process, as a rapid consolidation technique,’®%” has a
great potential for consolidating amorphous materials. Using
the SPS process, large-size Zr-based,’' %) Cu-based,*”~’" Ni-
based,”>’” Fe-based’®*" and Mg-based®” BMGs and their
composites have been developed.

Recently, large size and high strength Ti-based BMGs and
their composites have been developed by the spark plasma
sintering of the gas-atomized Ti-based glassy powders, or the
mixed powders blended with crystalline powders.8*® Ni-
and Be-free Ti-based (TigsZr19Cus;Pd;oSny) atomized glassy
powder was consolidated by the SPS process at various
sintering temperatures. The samples sintered by the SPS
process at a sintering temperature of 643 K with a loading
pressure of 600 MPa exhibited high strength, high densifica-
tion and a full glassy structure, and the potentiodynamic
polarization curve showed a flat passive region after active
dissolution at open-circuit potential, having a higher pitting
potential.®? The fractured strength of the sample sintered at
643 K was 2060 MPa, which is similar to that of the casting
sample of the TiysZroCus Pd;oSn, glassy alloy.*”

As the candidate for implants, the biocompatibility of Ti-
based bulk glassy alloys should be considered. Hydroxyapa-
tite (HA), which is a main mineral constituent of teeth and
bone, has an excellent biocompatibility with hard tissue,
skin and muscle tissue. Moreover, HA does not exhibit any
cytoxic effects and can directly bond to human bone.?**D
A number of studies have been reported on HA coating
on Ti metal and Ti-alloys for improving the surface
bioactivity.”>) However, the HA coatings of metallic
implants often flake off as a result of poor ceramic/metal
interface bonding, which may cause surgery to fail.’® This
problem may be solved by fabrication of metal/HA
composites.

Using the mixed powders of the gas-atomized Ti-based
glassy powder blended with the HA powder having various
contents, large size and high strength Ti-based glassy matrix
composites have been developed by the SPS process.?*37)
Figure 7 shows the optical microscopy images of Ti-based
(TigoZr oCusePd4) glassy alloy/HA composites.’® For the
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Fig. 7 Microstructures of the Ti-based (TigoZr;oCusPd,4) glassy composites with different HA contents sintered by the SPS process at
643K, 600 MPa, 10 min. (a) 0; (b) 1 mass%; (c) 2 mass%; (d) 3 mass%; (¢) 5 mass%; and (f) 10 mass%.5

Fig. 8 Element mapping patterns of the Ti-based (TisZr;oCuszsPd;4) glassy composite with 2 mass% HA addition sintered by the SPS

process at 643 K, 600 MPa, 10 min.®?

sample without HA, TigoZr;oCus¢Pd;4 powders are coalesced
by the neck formation. No obvious interface is observed
between glassy powders. Some small pores (less than 10 pm)
in the coalesced powders are seen (Fig. 7(a)). For the samples
with 1 or 2mass% HA additions, TigZroCuszePd;4 glassy
alloy powders are also coalesced and HA particles are

homogeneously distributed over the entire sintered sample,
as shown in Figs. 7(b) and 7(c). Figure 8 presents the
corresponding two-dimensional mapping patterns of the
elements of Ca, P, O, Ti and Cu for the sintered composite
sample with a HA content of 2 mass%.%") It is seen that the
HA particles are in a polyhedral shape, and distribute in the
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whole sintered samples. Because the HA has a poor strength
(lower than 150 MPa)," the HA particles are crushed and
filled in the residual space among the Ti-based glassy
powders due to the high applied loading pressure of
600 MPa. Furthermore, significant deformation of Ti-based
glassy powders is also observed, as shown in Fig. 7. This is
due to the viscous flow which can occur at the sintering
temperature. With increasing the HA content to over
3 mass%, distribution of the HA particles became inhomoge-
neous, and partial crystallization was caused. The strength
decreased with increase of the HA content.’®) On the other
hand, the Ti-based glassy alloy/HA composites usually
showed poor fracture toughness; it was difficult to perform
tensile test of the composites.

2.4 Porous Ni- and Be-free Ti-based metallic glasses by
powder metallurgy

Developments of the large size and high strength Ti-based
BMGs without toxic and allergic elements make it possible
to create BMG implants. However, one of major problems
concerning metallic implants in orthopedic surgery is
mismatch of Young’s modulus between bone (10-30 GPa)"
and metallic implants (about 82 GPa for TisgZr;oCussPdi4
glassy alloy).>? Bone is insufficiently loaded due to the
mismatch, which is called “stress-shielding”.’” One way to
overcome the problem is to reduce Young’s modulus of
metallic implants by introducing pores.

Oh et al.®® reported that the porous Ti having Young’s
modulus comparable to the human bone was fabricated by
hot-pressing method, while the strength was lower than that
of bone. By spark plasma sintered the mixture of the gas-
atomized Ti-based glassy alloy powders and solid salt
(NaCl) powders, followed by leaching treatment into water
to eliminate the salt phase, high strength porous Ti-based
BMGs (Fig. 9) with low Young’s modulus, which is
comparable to that of bone, were produced.”” The pores
are homogeneously distributed in the whole sintered samples.
The porosity can be controlled by controlling the volume
fraction of the adding salt phase. Corrosion behavior of the
porous Ti-based BMGs has been investigated by polarization
process in Hanks’ solution. Figure 10 shows the potentiody-
namic polarization curves of the porous Ti-based BMG
samples in Hanks’ solution at 310 K.?” The porous Ti-based
BMG alloys exhibit about 300mV higher open-circuit
potential than that of pure Ti. The porous sample with a
porosity of 50% presents a similar corrosion behavior as that
of 60% alloy. The anodic current density between 10~ and
107! Am~2 is more than one order of magnitude lower than
that of the pure Ti. However, the passivation range is much
narrow than that of pure Ti, indicating the more susceptibility
of the pitting corrosion. The anodic current density in the
porous Ti-based BMGs slowly increases during anodic
polarization, suggesting the crevice corrosion mechanism.
Furthermore, using a Ti-based metallic glassy/nanocrystal-
line powders prepared by gas-atomization method,!®” Wang
et al.'®" produced porous Ti-based metallic glassy/nano-
crystalline composites by the SPS process. The sintered
composite samples exhibited high fracture strength ranging
from 400 to 730 MPa corresponding with the porosity of
about 25 and 15%, respectively.
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Fig. 9 SEM images of the cross section of the produced porous
TiysZr19CusPdioSny BMG samples after leaching the salt phase with
the porosity of 50% (a) and 60% (b). The images were taken from the
centre area of the samples.””
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Fig. 10 Potentiodynamic polarization curves of the produced porous
TiysZr19Cus,Pdi9Sny BMG samples by the SPS process with various
porosities in Hanks’ solution at 310 K. The curve of pure Ti is also shown
for comparison.®”

3. Bioactivity and In Vivo Evaluations of Ti-Based
Metallic Glasses

3.1 Surface treatment and bioactivity

It is known that the bioactivity of metallic implants is
usually evaluated by the nucleation and growth of hydrox-
yapatite. However, recent results have demonstrated that
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hydroxyapatite can’t be formed on the surface of Ti-based
BMGs after simple immersion in 5M NaOH solution
followed by immersion in simulated body fluid (SBF).!%?
Some apatite particles were deposited only physically and
covered on the surface of Ti-based BMGs with hydrothermal
hot-pressing treatment.!®® The formation and growth rate of
bone-like apatite on metallic implants in SBF before implant
are usually regarded as a criterion in evaluating bioactivity of
metallic implants. Therefore, the most important factor before
the Ti-based BMGs are implanted is to succeed in growing
bone-like apatite or similar calcium phosphate layer on Ti-
based BMGs.

Hydroxyapatite coatings have been developed as a chemi-
cal bonding between metallic implants and the host bone
tissue implanted because hydroxyapatite is mineral and
chemically similar to bone. Many coating or surface modifi-
cation technologies, such as thermal decomposition,'*®
sputtering!®>1%) and micro-arc oxidation,'””-!%® have been
developed to enhance the bioactivity (bone-bonding ability)
of Ti alloy implants. However, these techniques require high-
temperature or high-vacuum conditions that cause cracks in
the fabricated films during cooling. For coating or surface
modification of BMGs, low-temperature processes such as
chemical treatment are more desirable as such processes
maintain their excellent mechanical properties. If not, these
BMGs will crystallize, resulting in degradation of their
properties. In general, a simple chemical and thermal two-
step treatment method is widely used to conventional Ti
alloys because the bone-like apatite can be formed in
biomimetic solution.!*!'" However effect of this method
is limited to the Ti-based BMGs.

In order to improve apatite-forming ability of Ti-based
BMGs, some methods such as Ti coating on Ti-based BMG
substrates by physical vapor deposition (PVD) tech-
nique,'>!""" and a two-step method consisting of hydro-
thermal-electrochemical treatment followed by pre-calcifica-
tion treatment,''? have been developed.

The TisyZrgCuszPd;4 BMG samples were coated by a
PVD method using magnetron-sputtering of pure Ti metal
cathode in a nitrogen protective atmosphere at 473 K, then
were treated in 5M NaOH solution at 333 K for 24 h, which
was demonstrated that sodium titanate layer with a porous
structure was formed on the surface of the Ti-coated
TiggZr1oCuzsPdi4 BMGs. A bone-like hydroxyapatite layer
was formed on the alkali-treated Ti-coated TiggZr;oCusePd;4
BMGs after a short-time immersion in simulated body fluid
(SBF).'92) After the samples were immersed only for one day,
a few white nuclei were observed, demonstrating that the
initiation of nucleation was fulfilled within a short immersion
time. With an increase of the immersion time, the particles
gradually proliferated and spread all over the surface during a
15-day immersion. Figure 11(a) shows a scanning electron
microscopy (SEM) cross-section image of Ti-coated TisgZry -
CuszsPd;s BMG after a 15-day immersion in SBF.!%? The
thickness of calcium phosphate layer is about 300 nm. The
porous hydroxyapatite shows a good bonding with the
previously alkali-treated layer. Figure 11(b) shows the X-ray
diffractometry (XRD) pattern of the surface of the Ti-coated
Tig9Zr19CuszPd;s BMG after immersion in SBF for 15
days.'%? The characteristic peaks arising from hydroxyapatite
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Fig. 11 SEM cross-section morphology (a) and the surface XRD pattern
(b) of alkali-treated Ti-coated TigoZr;¢CuzsPd;4 BMG immersed in Hanks’
solution for 15 days.

as well as some peaks from «-Ti are identified. The
corresponding X-ray energy dispersive spectroscopy (EDS)
analysis results demonstrated that the surface particles were
rich in Ca and P, with a Ca/P ratio being about 1.6, which is
similar to the ratio of hydroxyapatite.

Recently, a low-temperature two-step treatment method
developed by Yoshimura et al.''? for fabricating a crack-free
titanate coating on Ti metal and alloys have also been applied
to prepare a bioactive surface on the Ti-based metallic
glasses.!!>11® The two-step treatment consists of hydro-
thermal-electrochemical treatment followed by pre-calcifica-
tion treatment. After hydrothermal-electrochemical treatment
of a Ti-based (TispZrioCuszePd;4) metallic glass sample, a
micro-porous and network structure is formed on the surface
of the glassy alloy, as shown in Fig. 12(a).''® A grown
composite layer named as “graded intermediated layer” or
“growing integrated layer (GIL)”''7? with a thickness of
several hundred nanometers is formed in the hydrothermal-
electrochemical treated TigoZr;oCusePd;; metallic glass,
as shown in Fig. 12(b)."'® The outer layer (Layer 1 in
Fig. 12(b)) is the porous and network layer formed by the
reaction of the alloy components with the alkali solution.
The inner layer (Layer 2 in Fig. 12(b)) is the intermediated
layer lying between the metallic glass substrate (Layer 3)
and the outer porous layer, which is formed by elemental
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Fig. 12 SEM images of TisZr;¢CusePd;4 metallic glass after electro-
chemical-hydrothermal treatment in 1M NaOH solution. (a) Surface
morphology and (b) cross section morphology.!'®

diffusion to the outer layer. After pre-calcification treatment
for the glassy samples treated by hydrothermal-electrochem-
ical process, some white claviform nuclei distribute on the
surface of the samples, as shown in Fig. 13.'®) The sizes of
nuclei are about 1 um in length, and enriched with Ca and P
elements analyzed by EDS. Under high magnification, some
smaller white granules can also be observed, as shown in
Fig. 13(b). Both HPO,~ and Ca’* ions could be absorbed
into the microporous titania surface, which is expected to
stimulate the nucleation and growth of calcium phosphate
during immersion in Hanks’ solution. After the two-step
pretreatment, the samples were immersed in Hanks’ solution
at 310K with different times. After immersion of one day, a
thin and homogeneous layer appears in the network surface
(Fig. 14(a)),"'® which is composed of Ca, P and O. The Ca/P
ratio is identified to be 1.3 by EDS. Then the layer grows and
the Ca content increases with an increase in immersion time.
With further increasing time to six days, the Ca/P ratio
reaches about 1.6, which is similar to the ratio of apatite.
Figure 15(a) shows the cross section SEM image of the two-
step treated TiggZroCuzePd 4 metallic glass after immersion
in Hanks’ solution for six days.''® The porous apatite (Layer
1 in Fig. 15(a)) is strongly bonded with the porous surface
(Layer 2 in Fig. 15(a)) of the metallic glass. The thickness
of the resulting apatite is about several hundred nanometers.
Figure 15(b) shows elemental depth profiles by Auger
electron spectroscopy (AES) of the pretreated Ti-based
metallic glass after immersion in Hanks’ solution for six
days.!'® The surface layer (Layer 1 in Fig. 15(b)) consists
mainly of Ca, P and O elements.
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Fig. 13 SEM images of electrochemical-hydrothermal treated TisZr)o-
CuzePd;4 metallic glass after pre-calcification treatment. (a) Low
magnification (b) high magnification.''®

3.2 Osteoblast response

The success of an implant is determined by its integration
into the tissue surrounding the material. Cell adhesion and
cell spreading is an important parameter for implant
engineering. Oak et al.''® carried out a series of studies
about the corrosion behavior and biocompatibility of the
TiysZr19Cusz Pd oSny metallic glass, and their results demon-
strated that this kind of metallic glass exhibited good
corrosion resistance and excellent biocompatibility in
osteoblast culture test. Nagai e al.''” investigated cellular
behaviors responding to the Ti-based (TisoZrioCuzsPdy4)
metallic glass surface irradiated with a femtosecond
laser,'?” which can form periodic nanostructures on the Ti-
based BMG surface.'?!) The results demonstrated that the
number of osterblasts attached to the modified Ti-based
metallic glass surfaces after 3h of incubation. Li et al.'*?
evaluated the effect of the surface roughness of Ti-based
BMGs on the osteoblast responses. Surfaces with different
roughness were prepared by sand blasting using corundum
with various grit sizes. The corundum sand blasting surfaces
significantly increased the surface wettability and cell
attachment, cell proliferation, and alkaline phosphatase
(ALP) activity. The sample surface treated by large grit
corundum was more favorable for cell attachment, prolifer-
ation, and differentiation than samples treated by small grit
corundum.
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Fig. 14 SEM images of two-step pretreated TisoZr;oCuszsPd 4 metallic glass after immersion in Hanks’ solution at 310K for different times

(a) one (b) two (c) three and (d) six days.''®)

!-*—*!'—-! Layer 4 (b)

Relative atomic concentration, %

Sputter depth (nm)

Fig. 15 Cross sectional SEM image (a) and elemental depth profiles by
Auger electron spectroscopy (b) of two-step treated TisgZr;oCusePd;4
metallic glass after immersion in Hanks’ solution at 310K for six days.

3.3 In vivo tests

By implanting the Ti-based (TisZr;oCus4Pd;4Sn;) BMG
rods in the back subcutaneously and in the femoral condyle
of rats, in vivo evaluation of its biocompatibilities has been

carried out.'?® There was no obvious inflammatory reaction
or foreign body response occurred around the implanted
Ti-based glassy alloy bars. No hyperemia or edema was
found in either subcutaneous or bone tissue. The subcuta-
neous samples showed mild capsule reaction of fibroblasts
without inflammatory cells invasion. Toluidine blue section
of bone samples showed that new bone regenerated directly
on the metallic glass surface and covered it in whole
circumference. EDS scan detected no metal ion diffusion
locally. Ti-based BMG bars displayed excellent biocompat-
ibility in both soft tissue and hard tissue, it also showed
excellent osteoconductivity when implanted in bone tissue
and no metal ion diffusion was found up to one month after
operation. The Ti-based BMGs should be a strong candidate
for the clinic applications that require mechanical strength
highly.

4. Conclusions

Ti-based (Ti—-Zr—Cu-Pd) BMGs without toxic and allergic
elements have been developed. Minor additions of Nb, Ta,
Sn, Au, Pt, etc. are demonstrated to be effective on improved
mechanical properties, enhanced GFA and corrosion resist-
ance of the Ti—Zr—Cu-Pd BMGs. Using the SPS process,
large-size and high strength Ti-based BMGs and the
composites, as well as porous Ti-based glassy alloys having
approximate Young’s modulus with that of bone have been
developed. These glassy alloys and the composites exhibit
high strength, low Young’s modulus, large plasticity, good
corrosion resistance and excellent biocompatibility. After a
two-step treatment (hydrothermal-electrochemical treatment
followed by pre-calcification treatment), a bioactive surface
is formed on the Ti-based metallic glasses. These excellent
properties make the Ti-based BMGs become competent
candidate for application as biomaterials.
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