Ti-Cu-Zr-Fe-Sn-Si-Ag-Pd Bulk Metallic Glasses
with Potential for Biomedical Applications
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Tis;Cusg_Zrs sFe, sSn,SiiAgoPd, (x = 1, 2, 3, and 4 atomic percent, at. pct) bulk metallic
glasses (BMGs) with potential for biomedical applications were fabricated by copper-mold
casting. The Ti-based BMGs exhibited high glass-forming ability (GFA) with critical diameters
of 4 to 5 mm and a supercooled liquid region over 50 K, though the high contents of Pd slightly
decreased the GFA. The additions of 2 and 3 at. pct Pd benefited the improvement of plasticity,
and the resultant BMGs showed the relatively low Young’s modulus of about 100 GPa, high
compressive strengths of 2174 to 2340 MPa, and compressive plastic strain of around 4 pct. The
addition of Pd also decreased the passive current density and increased the pitting potential of
the Ti-based BMGs in the Hank’s solution, leading to the enhanced bio-corrosion resistance of
the BMGs. Furthermore, the cell adhesion, viability, and proliferation behaviors revealed that
the present Ti-based BMGs possess as good biocompatibility as that of the Ti-6Al-4V alloy.
These results demonstrated the potential of the Ti-Cu-Zr-Fe-Sn-Si-Ag-Pd BMGs as biomedical
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I. INTRODUCTION

OWING to the unique amorphous microstructure,
Ti-based bulk metallic glasses (BMGs) exhibit relatively
lower Young’s moduli, higher strengths, and paralleled
corrosion resistance in comparison with conventional
biomedical crystalline titanium alloys.!'"” For biomed-
ical applications, these advantages of the Ti-based
BMGs are favorable for relieving the ‘‘stress-shielding
effect,” improving the load-bearing capability, and
maintaining the original mechanical properties of the
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implants during the long-term service under the aggres-
sive human body environment.!"*®" Therefore, the
Ti-based BMGs free from highly toxic elements, such
as Be and Ni, have attracted attentions as potential
metallic biomaterials.”> Among them, the Ti-Zr-
Cu-Pd(-Sn) system BMGs possess high glass-forming
ability (GFA), suitable bio-mechanical properties, and
good biocompatibility, whereas the contents of the
noble element, Pd, with the high cost in the BMGs are
relatively large.*® Recently, we have found that the
Ti-Cu-Zr-Fe-Sn-Si-(Ag, Sc) BMGs free from highly
toxic elements exhibited good mechanical properties,
bio-corrosion resistance, and in vitro biocompatibil-
ity.[()’g’lol Particularly, the Ti47Cu3ng7A5FezA5Sn25i1Ag2
metallic glass showed high GFA, and its critical diam-
eter for glass formation reached 7 mm.) The
TiysCuypZr; sFe, sSn,»SijSc, BMG displayed good plas-
ticity with a large compressive plastic strain approaching
6 pct'”) Moreover, the Ti-Cu-Zr-Fe-Sn-Si-(Ag, Sc)
BMGs exhibited good bio-corrosion resistance, as
revealed by their spontancous passivation behavior
and low corrosion rates in the simulated psychological
solution.!®'” Nevertheless, pitting corrosion occurred
by the anodic polarization at relatively high potentials in
the phosphate buffered saline (PBS) solution for the
Ti-Cu-Zr-Fe-Sn-Si-(Ag, Sc) BMGs. Therefore, further
improvement of their corrosion resistance is
desired.['* '
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It has been reported that the minor addition of Pd had
beneficial effects on improving the corrosion resistance
of Ti-based alloys, since Pd is a noble metal element with
high chemical stability.'* ' In addition, it has also
been found that the microalloying of Pd in the Zr-based
BMGs was favorable for the generation of the icosahe-
dral short/medium-range order, which played an impor-
tant role in the improvement of GFA and plasticity for
the glassy alloys.['*'®) Meanwhile, the addition of Pd in
titanium alloys did not show the cytotoxic effect in
cell-viability tests.!'”'®! Therefore, in the present work,
the influences of Pd microalloying on the glass forma-
tion, thermal properties, mechanical properties, bio-cor-
rosion behaviors, as well as in vitro biocompatibility of
the Ti-Cu-Zr-Fe-Sn-Si-Ag glassy alloy were studied, and
the biocompatible Ti-Cu-Zr-Fe-Sn-Si-Ag-Pd BMGs
with improved mechanical properties and bio-corrosion
resistance were developed.

II. MATERIALS AND METHODS

The Ti47Cu38_XZr7.5F62_5Sn28ilAgdex (X = 1, 2, 3,
and 4 atomic percent, at. pct) alloy ingots were prepared
by arc-melting the mixtures of the pure metals under an
Ar atmosphere. The preparation of the cylindrical
glassy-alloy rods was carried out by copper-mold casting
under a high-purity Ar atmosphere. The microstructure
of the specimens was examined, using X-ray diffraction
(XRD, Rigaku D/Max2200pc) with the Cu-Ka radiation.
The thermal behaviors, including the glass transition,
crystallization, and melting of the glassy samples, were
characterized by differential scanning calorimetry (DSC,
Perkin-Elmer DSC-7 and Netzsch 404C) at a heating rate
of 0.33 K/s in a flowing Ar atmosphere.

The uniaxial compressive tests were performed by a
SANS CMT5504 materials testing machine at a constant
strain rate of 2.1x10™* s™' at room temperature. The
stress amplitudes induced by the machine vibration could
be no more than 1 MPa. For reproducibility, five glassy
rod specimens with the same dimension of ¢ 2x4 mm for
each composition were tested. The specimens after
deformation were observed by scanning electron micro-
scopy (SEM, JEOL JSM-6010LA). The elastic properties,
including the Young’s moduli (E) and Poisson’s ratios
(v), of the glassy samples were determined by an
ultrasonic measurement (Olympus Panametrics-NDT
5703PR). Microhardness of the specimens was tested,
using a Future-tech FM800 Vickers microhardness tester
under a load of 200 g with a dwell time of 12 s. Densities
(p) of the glassy-alloy rods were measured in the
deionized water according to the Archimedean principle.

The bio-corrosion behaviors of the Ti-based BMGs
and the Ti-6Al-4V counterpart were characterized by
electrochemical experiments with an electrochemical
workstation (Princeton Applied Research Versa STAT
I1T) in the Hank’s solution (prepared by dissolving 8.00 g/
L NacCl, 0.12 g/L Na,HPO412H,0, 0.14 g/L CaCl,, 0.35
g/L NaHCO;, 0.20 g/ MgSO47H,0, 0.06 g/L. KH,POy,,
1.00 g/L C¢H 1,04, and 0.40 g/ KCI in the deionized
water) at about 310 K, which simulated the physiological
environment. The electrochemical tests were carried out
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in the three-electrode scheme, including the platinum foil
counter electrode, the saturated calomel reference elec-
trode (SCE), and the glassy specimens as the working
electrode. The preparation procedure of the specimens
was the same as that in Ref. [10]. The specimens were
immersed in the Hank’s solution for about 1200 seconds,
and the open-circuit potential (OCP) became almost
steady. Subsequently, potentiodynamic polarization was
carried out from 50 mV below the OCP of each alloy
composition, and then proceeded in the positive direction
at a potential scanning rate of 0.833 mV/s. Triplicate
specimens were measured to ensure good repeatability for
the experiments.

Cell-culture assays were performed for preliminarily
assessing the in vitro biocompatibility of the Ti-based
glassy alloys. The commercial Ti-6A1-4V alloy that has
been widely used in the biomedical field was employed
for comparison. MC3T3-El pre-osteoblasts were cul-
tured in the Dulbecco’s modified Eagle’s medium
(DMEM), which was composed of 10 vol. pct fetal
bovine serum (FBS) and 1 vol. pct penicillin (310 K, 5
vol pct CO»). The alloy specimens were prepared in the
same process as that in the previous work.!'” Before the
experiments, each side of the specimens was sterilized
with the ultraviolet irradiation for 1 hour. After that, the
samples were put into a 24-well dish separately while 1
ml cell suspension encompassing of 5 x 10* cells was
dripped to the surface of the samples. After cultivating
for 24 hours, the cell morphologies on sample surfaces
were observed using SEM. The cell viability and
potential cytotoxicity were analyzed by the MTT assay
[MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide] using an extraction media that have
been previously in contact with the samples. After 24
and 72 hours of incubation for cells suspension in the
extraction media, respectively, the medium was replaced
with a 100 pul. MTT solution for further 4-hour
incubation. After removing the medium carefully and
adding dimethyl sulfoxide (DMSO) in extraction media,
the spectrophotometric absorbance was examined at 570
nm on a microplate reader. The trials were performed
with three samples for each composition.

III. RESULTS AND DISCUSSION

A. Formation and Thermal Properties

Figure 1 shows the XRD patterns of the as-cast
Ti47CU38,er7_5Fez_5SHQSilAgzpdx (X = 1,2, 3, and 4 at.
pct) glassy-alloy rods with their critical diameters (d,).
Each diffraction pattern exhibits a main broad peak and
no distinct crystalline peak, indicating that the rod
samples are in an amorphous state. It is seen that, for
the alloys with Pd contents of 1 and 2 to 4 at. pct, the
critical diameters for glass formation are 5 mm and 4
mm, respectively. The results indicate that the present
Ti-Cu-Zr-Fe-Sn-Si-Ag-Pd alloys possess high GFA,
though the addition of Pd with high contents slightly
lowers the critical diameters for glass formation.!

Figure 2 displays the DSC curves of the present
Ti-based BMGs. As seen in Figure 2(a), the DSC curves
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show a glass transition, followed by an endothermic
peak corresponding to a supercooled liquid region prior
to crystallization. At least two exothermic peaks can be
observed on each DSC curve, indicating the multi-stage
crystallization behavior of the glassy alloys.™!'”) The
values of the d, the glass transition temperature (7),
the onset temperature of crystallization (7), the solidus
temperature (73,), the liquidus temperature (77), the
supercooled liquid region AT, (= T, — T,), and the
reduced glass transition temperature 7y, (= T,/ T7) are
summarized in Table I. It is seen that the glassy alloys
exhibit a large supercooled liquid region of 51 to 53 K,
which indicates the high thermal stability of the super-
cooled liquid region against crystallization. In addition,
the AT, values of the present Ti-based BMGs are similar
to that of the Pd-free Ti4FCu3gzr7.5Fez,SSnZSi1Ag2 glassy
alloy (AT, = 52 K)!® suggesting that the minor
addition of Pd has no distinct effect on the stability of
their supercooled liquid.

It is known that the values of T}, (= T,/T;) of metallic
glasses usually correlate with GFA.['"*! Because of the
nearly constant viscosity at T, the higher ratio of T,/T;
would result in the higher viscosity at the nose of the
Time-Temperature-Transformation (TTT) or Continu-
ous-Cooling-Transformation (CCT) curves, hence lead-
ing to the smaller critical cooling rate for glass
formation."¥! As seen in Table I, the 7, ¢ values of the
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|m x=1,¢6 Smm

x=2,¢ 4 mm

Intensity (a. u.)

20 (degree)

Fig. I—XRD patterns of the Tis;Cusg_,Zr; sFe, sSn,SijAgoPd, (x
= 1, 2, 3, and 4 at. pct) BMGs with their critical diameters.

Table I. Thermal Properties and d, for Glass Formation of the Tiy;Cuzg_.Zr; sFe, sSn,Si;Ag,Pd, (x =

Pd-bearing Ti-based BMGs are smaller than that of the
Ti47Cu382r7'5Fe2'5SnQSi1Ag2 BMG, which 1is corre-
sponding to the results mentioned above that the Pd
alloying with high contents slightly lowers the GFA of
the Ti-based BMGs.[

B. Mechanical Properties

Figure 3 shows the stress—strain curves of the
Ti-Cu-Zr-Fe-Sn-Si-Ag-Pd BMGs under compression.
The compressive yield strength (o), fracture strength
(o¢), and plastic strain (g,) of the Ti-based BMGs are
summarized in Table II. The present BMGs exhibit
yield strengths above 2000 MPa, followed by the plastic
deformation with a strain of ~ 2.5 to 4.5 pct. The result
indicates that the addition of Pd is favorable for
improving the plasticity of the resultant Ti-Cu-Zr-
Fe-Sn-Si-Ag-Pd BMGs. The morphologies of the
fractured Ti-Cu-Zr-Fe-Sn-Si-Ag-Pd BMGs are dis-
played in Figures 4(a) through (d). It can be observed
that the fracture occurred along the main shear plane
that declined by about 43 deg to the direction of the
compression load. The lateral surfaces of the fractured
samples show abundant primary shear bands parallel to
the principal shear front, while the secondary shear
bands distribute in irregular directions. Moreover, it can
be seen that typical vein patterns exist on the fracture

Ti47Cu38-\Zr7,SF82.SSnZSiIAgIPd\ Ti47cu!s-\Zr7.SFe2.SanSilAgZPd‘
-~ T
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Fig. 2—DSC curves of the Tiy;Cusg_,Zr; sFe; sSn,SijAgoPd, (x =
I, 2, 3, and 4 at. pct) BMGs with their critical diameters: (@)
crystallization and (b) melting behaviors.

0, 1, 2, 3, and 4 at. pct)

BMGs
Alloys T, (K) T, (K) AT, (K) T (K) T (K) T/ Th d. (mm)
x=00 641 693 52 1116 1180 0.543 7
x=1 648 699 51 1122 1206 0.537 5
x=2 650 701 51 1125 1211 0.536 4
x=23 649 700 51 1121 1228 0.529 4
x=4 648 701 53 1118 1232 0.526 4
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surface. These characteristics of the deformation and
fracture are typical of the BMGs with good plasticity.!

It is notable that the Ti47Cu38_er7.5Fezl5Sn28i1
AgoPd, (x = 2 and 3 at. pct) glassy alloys possess the
significant plastic strain of around 4 pct. For a better
understanding of their plasticity, Figure 5 shows the
enlargement of the partial plastic-deformation regions
on the stress—strain curves of the Tiz;Cusg_.Zr; sFes s
Sn,Si;Ag,Pd, (x = 1, 2, 3, and 4 at. pct) BMGs
displayed in Figure 3. It can be observed that the large
serrations are followed by a series of small serrations,
corresponding to the generation of secondary shear
bands after the release of the primary shear band durlng
the plastic deformation of the Ti-based BMGs.”” It can
also be seen that the amplitudes of the large serration
events for the Tig;Cusg_Zry sFe, sSn,SiiAgoPd, (x = 2
and 3 at. pct) alloys are generally smaller than those of
the BMGs with 1 and 4 at. pct Pd. In the process of the
plastic deformation, the smaller amplitudes of stress
drops in serrated flows represent the shorter sliding
distance and higher shear-band stability of the glassy
alloys,?*?! resulting in the good plasticity of the BMGs
containing 2 and 3 at. pct Pd.

Moreover, it is known that the plastic deformat10n of
BMG:s is associated with the free volume.?? It has been
proved that a large amount of randomly distributing
free volumes play a dominant role in improving the
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Fig. 3—Compressive stress—strain
TigyCusg_Zrs sFey sSnoSijAgoPd, (x =
BMGs.

plasticity of BMGs.?? The content of free volumes
presented in the BMGs is strongly linked to the area of
the exothermic peak prior to T, of the DSC curves. (23]
Figure 6 shows the enlargement of the DSC curves of
the Ti47CU3g,er7ASFCZ.SSI]ZsilAgzpdx (x =1, 2, 3, and
4 at. pct) BMGs near T, It can be seen that the areas of
the exothermic peak before 7, of the Tis;Cusg_ Zry s
Fe, sSn,SijAgoPd, (x = 2 and 3 at. pct) BMGs are
larger than those of the 1 and 4 at. pct Pd-alloying
BMGs, which indicates that more free volumes are
involved in the BMGs containing 2 and 3 at. pct Pd.
During the compression process, the free volumes
facilitate the movement of the atoms near the crack tip
to accelerate the stress relaxation and even allow small
cracks to be healed by themselves, which expands the
displacement of the critical shear before fracture.”? In
addition, a large amount of free volumes with a random
distribution in different regions of the specimens could
promote the shear-band nucleation, propagation, and
intersection to hinder the prlmary shearing process, and
facilitate the good plasticity.** Therefore, the 2 and 3
at. pct Pd-alloying BMGs with more free volumes could
possess better plasticity.

It is also worth noting that, as shown in Table II, the
Ti47CU38,xZI'7'5F62.SSI"lzsi1Ag2PdX (X = 2 and 3 at. pCt)
BMGs have relatively high Poisson’s ratios in the
present Ti-based BMGs, which may provoke the
increase in the shear-transformation-zone (STZ) vol-
umes during the deformation process of glassy-alloy
rods.””! The large-sized STZs can prevent the shear
softening and facilitate the generation of multlple
branched shear bands during plastic flows,”®?” as
observed on the lateral surface of Tiy7Cusg_ZrysFes s
Sn,Si;Ag,Pd, (x = 2 and 3 at. pct) alloy rods
(Figures 4(b) and (c)), which is consistent with their
relatively large compressive plastic strain.

The Young’s modulus (E), specific strength (ay/p),
Vickers microhardness (H,), the ratio of microhardness
to the Young’s modulus (H,/E), and Poisson’s ratio (v)
of the present Ti-based BMGs are also presented in
Table II. It can be seen that the Young’s moduli of the
present Ti-based BMGs (~ 100 GPa) are less than that
of the Ti-6Al-4V alloy (~ 110 to 125 GPa).*®*”) The
relatively lower Young’s moduli contribute to alleviat-
ing the “stress-shielding effect,” which is necessary for
1mp1ant materials to match with the hard tissue in the
service process.’”! Furthermore, the Ti-based BMGs

Table II. Mechanical Properties of the Tis;Cusg_Zr; s5Fe, sSn,SijAg,Pd, (x = 0, 1, 2, 3, and 4 at. pct) BMGs
oy /p
o oy €p gt (x10° N m/ E
Alloys (g/cm?) (MPa) (Pct) (MPa) kg) H, (GPa) H, |E v
f(c’] =0 6.238 2028 £32 254+£0.2 2081 £18 32+0.1 588 +6 1004+ 0.2 0.059 0.359 4+ 0.001
x =1 6367=£0.008 2019+34 25+£02 2183 +23 324+0.1 594+8 100.5+£0.3 0.059 & 0.001 0.359 &+ 0.001
x =2 6408 £0.006 2098 £43 3.74+03 2340+ 56 33+01 6107 100.6 £0.2 0.061 £ 0.001 0.360 & 0.001
x =3 6453 £0.003 20354+30 45+£03 2241 +£32 324+0.1 596+£9 1009 £0.2 0.059 & 0.001 0.360 &+ 0.001
x =4 65154+0.005 2017 £53 3.0+02 2174+54 3.14+£01 591+6 101.3 £0.3 0.059 £ 0.001 0.360 & 0.001

1562—VOLUME 52A, MAY 2021

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 4—The morphologies of the fractured Tis;Cusg_,Zr7 sFe; sSn,SijAgoPd, BMGs: (o) x = 1, (b)) x = 2, (¢) x = 3, and (d) x = 4.

present Vickers microhardness of 591 to 610 Hv, and
H,/E of about 0.059 to 0.061, which are higher than
those of the Ti-6Al-4V alloy (H, = ~ 320 Hv and H,/E
= ~0.026 to 0.029), suggesting that the present metallic
glasses may possess better wear resistance.*” The high
strength and microhardness, relatively low Young’s
modulus, and good plasticity suggest that the Pd-mi-
croalloying Ti-based BMGs have the potential to be
used as biomaterials.

C. Bio-corrosion Behaviors

After the 30-day immersion in the Hank’s solution at
310 K, the present Ti-Cu-Zr-Fe-Sn-Si-Ag-Pd BMGs
exhibit no detectable mass loss and no obvious change
in surface morphologies, indicating their high bio-cor-
rosion resistance. The bio-corrosion behaviors of the
Ti-based metallic glasses were further investigated by
electrochemical measurements in the Hank’s solution at
310 K. The immersion-time dependence of the OCPs
and the polarization curves of the Ti-based BMGs and
the Ti-6Al1-4V alloy are presented in Figure 7(a). It is
seen that the potentials of the alloys initially rise
abruptly, and then increase slowly until reach stationary

METALLURGICAL AND MATERIALS TRANSACTIONS A

values. After the 1200 seconds immersion, there are no
significant differences in the OCPs of the Tig7;Cusg_
Zr; sFe, sSn>SiiAgoPd, (x = 0, 1, 2, 3, and 4 at. pct)
BMGs. Compared with that of the Ti-6Al-4V alloy, the
OCPs of the Ti-based BMGs are higher, suggesting that
the surfaces of the metallic glasses have higher stability.
The polarization curves of the Ti-based BMGs pre-
sented in Figure 7(b) are characterized by the sponta-
neous passivation with a wide passive region and low
passive current density, though pitting corrosion occurs
at high anodic potentials. It is well known that the
pitting corrosion behavior of a BMG is closely related to
its chemical composition.?'* In the surface film of the
Ti-Cu-Zr-Fe-Sn-Si-Ag system BMGs, zirconium could
exist in the form of ZrO,,'® which is sensitive to the
chloride ions in the Hank’s solution. The reaction of the
ZrO; and CI leads to the breakdown of passive films on
the surfaces of the Ti-based BMGs, which results in the
pitting corrosion of the material eventually.** Besides,
Cu and Sn are more likely to react with chloride ions to
form CuCl* and SnCl* complexes in a neutral solution,
inducing the instability and thinning of the surface film
and further leading to the pitting corrosion of the
present Ti-based BMGs.!! This trend is also consistent
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Fig. 5—The enlargement of the partial plastic-deformation region on the stress—strain curves of the Tiy;Cusg_,Zr; sFe; sSn,SijAgoPd, BMGs
displayed in Fig. 3: (@) x = 1, () x = 2,(¢) x = 3, and (d) x = 4.

with the result that the pitting resistance is improved

Ti_Cu,, Zr, Fe, Sn Si Ag Pd through substituting Cu with the addition of 2 to 4 at.

' pct Pd for the present Ti-based BMGs. In addition, it is

~ -1 notable that the Pd-bearing Ti-based BMGs exhibit

= il lower passive current densities than that of the Pd-free

& _/\ Ti-based BMG and the Ti-6Al-4V alloy. The values of

9 x=2 the corrosion potential (E.,), the pitting potential

g "‘Wsw/\ (Epip), the passivation region (Epyss = Epic — Ecorr), the
R . . . A

) corrosion current density (i..), and the corrosion rate

% x=3 calculated from the i..,, are summarized in Table III.

4 \%mss/\ The corrosion rates of the Ti-Cu-Zr-Fe-Sn-Si- Ag Pd

= glassy alloys are within the scope from 5.6x10 % to 7.4

1 x=4 x 10~ mm/year, which are comparable with that of the

= == Ti-6Al-4V alloy and lower than that of the Pd-free

Ti-based BMG. These results suggest the good bio-cor-

R rosion resistance of the Ti-Cu-Zr-Fe-Sn-Si-Ag-Pd

500 550 600 650 700 BMGs in the simulated human body environment.

For the Ti-based glassy alloys with amorphous
structures, the homogeneous single solid-solution phase
nature can eliminate heterogeneities,”***! which con-
tributes to the formation of a uniform passive layer on
the alloy surface in the Hank’s solution. Due to the
passivity of Pd as a noble metal element, the

Temperature (K)

Fig. 6—The enlargement of the DSC curves near the 7, for the
Ti47Cu3g,er7.5F62'5Sn25ilAgde,x (X = 1, 2, 3, and 4 at. pC[)
BMGs.
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microalloying of Pd could enhance the protectiveness of
the passive films on the alloys, which prevents the ion
transport and reduces the dissolution rate of the passive
layer.*¥ Thus, the microalloying of Pd in the Ti-based
BMGs facilitates the good bio-corrosion resistance in
the simulated physiological environment.
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Fig. 7—(a) Changes in the OCPs with the immersion time and (b)
potentiodynamic polarization curves of the Tiy;Cusg_Zr; sFe; sSn,
SijAgoPd, (x = 0, 1, 2, 3, and 4 at. pct) BMGs and the Ti-6Al-4V
alloy in the Hank’s solution at 310 K.

D. In Vitro Biocompatibility

In vitro cell responses of the Tiy;CusgZr; sFe, sSn,.
Si;Ag,Pd>, BMG were investigated by cell-culture exper-
iments to preliminarily assess the biocompatibility of the
Pd-bearing Ti-based glassy alloys as potential biomed-
ical implants. The commercial Ti-6Al-4V alloy and the
Pd-free Ti-based BMG were utilized as references.
Similar cellular behaviors on the surfaces of the Ti-based
BMGs and Ti-6Al-4V alloy, including the normal cell
adhesion behavior and the morphologies of cells, are
revealed in the cell-culture assays. Figure 8 provides the
MC3T3-E1 cell morphologies after cultivating for 24
hours on the surfaces of the Tis;Cusg_ ZrysFes sSn,
Si;Ag,Pd, (x = 0 and 2 at. pct) BMGs and Ti-6Al-4V
alloy. As illustrated in Figures 8(a), (c), and (e), it is seen
that the cells are well spread and extended, and a certain
number of interacted cells attach on the alloy surfaces.
Figures 8(b), (d), and (f) show the magnified SEM
images of the corresponding detailed cell morphologies
on the three specimens. All the adherent cells on the
surface of each substrate present similar irregular,
polygonal, and spindle-like shapes after 24-hour cultur-
ing, which is an indication that the cell adhesion and
growth of the cells were healthy.[*”

The MTT assay results of the cell viability and
proliferation for the Tiy;Cusg_Zr; sFe, sSn,Si>Ag,Pd,
(x = 0 and 2 at. pct) metallic glasses and the Ti-6Al-4V
alloy are illustrated in Figure 9. In all sample extracts,
the optical density (O. D.) values of MC3T3-El cells
significantly increase from the culturing of 24 to 72
hours. The results represent that more viable cells are
present in the media over time, indicating the normal
cell proliferation.” Besides, the O. D. values of the
Ti47CuseZr; sFes sSn,»SijAg,Pd, alloy are comparable to
that of the Pd-free alloy, indicating that microalloying
of the Pd into the Ti-based BMGs shows insignificant
influence on the cell proliferation. Furthermore, there is
no significant difference in O. D. values of MC3T3-El
cells among the three alloys at each time point,
suggesting that cell viabilities of the Tiy;Cusg_,
Zr7_5Fez'SSn2Si|Ag2de (X = 0 and 2 at. pCt) BMGs
groups are comparable to that of the Ti-6Al-4V alloy.
Therefore, it is concluded that microalloying of Pd is
favorable for the cell growth and proliferation on the
Ti-based BMGs. The experiment results demonstrate
that the Pd-bearing Ti-based BMGs have good in vitro
biocompatibility.

Table III. Values of the Electrochemical Parameters Derived from the Potentiodynamic Polarization Curves for the
Tis7Cusg— Zr7 5Fe; sSn,SijAg,Pd, (x = 0, 1, 2, 3, and 4 at. pct) BMGs and the Ti-6A1-4V Alloy in the Hank’s Solution at 310 K

Ecorr icorr Epil Epit - Ecorr Corrosion Rate
Alloys (V) vs SCE (x1077 AJem?) (V) vs SCE (V) vs SCE (x10~* mm/year)
x=0 —0.08 £ 0.05 1.82 4+ 0.06 1.02 + 0.08 1.1 +0.07 17.4 + 0.4
x=1 —0.1240.03 0.63 + 0.08 1.01 + 0.07 1.13 + 0.09 59 +0.7
x=2 —0.11 + 0.04 0.79 + 0.06 1.18 £+ 0.09 1.29 4+ 0.11 74403
x=3 —0.13 £ 0.07 0.69 + 0.05 1.11 + 0.06 1.24 + 0.07 6.4 £0.5
x=4 — 0.06 + 0.04 0.58 + 0.07 1.12 £+ 0.07 1.18 + 0.08 56403
Ti-6Al-4V — 0.3+ 0.04 0.62 + 0.08 — — 5.6+ 0.4
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Fig. 8 —Morphologies of MC3T3-El cells cultured on (a)

(b) the Tiy;CusgZr;sFe;sSnySijAg, BMG, (¢) and  (d) the

Tiy7CuseZr; sFe; sSn,SijAg,Pd; BMG, and (e) and (f) the Ti-6Al1-4V alloy for 24 h.

IV. CONCLUSIONS

The Ti-based Ti47Cu38,er7,5Fez,5SHQSilAg2de (\’ =
1, 2, 3, and 4 at. pct) BMGs free from highly toxic
elements are developed, and their critical diameters for
glass formation by a copper-mold casting are 4 to 5 mm,
and the intervals of the supercooled liquid region are up
to 51 to 53 K. The present Ti-based BMGs exhibit
relatively low Young’s moduli of about 100 GPa, high
strengths of over 2000 MPa, and high microhardness of
591 to 610 Hv. Particularly, the Tiy7Cusg_ZrysFes s

1566—VOLUME 52A, MAY 2021

Sn,Si;Ag,Pd, (x = 2 and 3 at. pct) BMGs possess good
plasticity with compressive plastic strains of around 4
pct. Furthermore, the addition of Pd results in the
decrease in the passive current density and the increase
in the pitting potential of the Ti-based BMGs in the
Hank’s solution, leading to their good bio-corrosion
resistance. The normal MC3T3-El cell adhesions and
proliferations demonstrate the good in vitro biocompat-
ibility of the Ti-Cu-Zr-Fe-Sn-Si-Ag-Pd BMGs parallel
to that of the Ti-6Al-4V alloy. The Ti-Cu-Zr-Fe-Sn-
Si-Ag-Pd BMGs with the improved mechanical
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Fig. 9—Proliferation of MC3T3-El cells cultured in the extraction
media from the Tiy;Cusg_Zr; sFe; sSn,SijAgoPd, (x = 0 and 2 at.
pct) BMGs and the Ti-6Al-4V alloy for 24 and 72 h, respectively.

properties, good bio-corrosion resistance, and in vitro
biocompatibility are promising to be potential biomed-
ical materials.
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