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HIGHLIGHTS

« Five fully biocompatible Ti-based
metallic glasses with different
metalloid and soft metal content for a
synergistic improvement in corrosion
properties.

 For TiggZrso bearing alloys the GFA
drops due to the low negative
enthalpy of mixing between Ti and Zr
atoms.

« With increasing Ti and decreasing Zr
content, the maximum of the broad
diffuse XRD peak shifts to higher 2-
Theta angles.

o TigoZr0SigGe;BsSn, and
TiseZr30SigGe;B3Sn, have a very high
pitting potential and wider
passivation region compared with
other Ti-based MG alloys.
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ABSTRACT

We introduce five new biocompatible Ti-based metallic glass (MG) compositions with different metalloid
and soft metal content for a synergistic improvement in corrosion properties. Without any potentially
harmful elements such as Cu, Ni or Be, these novel alloys can eliminate the risk of inflammatory reaction
when utilized for permanent medical implants. Excluding Cu, Ni or Be, which are essential for Ti-based
bulk MG production, on the other hand, confines the glass-forming ability of novel alloys to a moderate
level. In this study, toxic-element free MG alloys with significant metalloid (Si-Ge-B, 15-18 at.%) and
minor soft element (Sn, 2-5 at.%) additions are produced in ribbon form using conventional single-
roller melt spinning technique. Their glass-forming abilities and their structural and thermal properties
are comparatively investigated using X-ray diffraction (XRD), synchrotron XRD and differential scanning
calorimetry. Their corrosion resistance is ascertained in a biological solution to analyze their biocorrosion
properties and compare them with other Ti-based bulk MGs along with energy dispersive X-ray.
TigoZr20SigGe;B3Sn, and TiseZr3eSigGe;BsSn, MG ribbons present a higher pitting potential and passiva-
tion domain compared with other Ti-based MG alloys tested in similar conditions. Human mesenchymal
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stem cell metabolic activity and cytocompatibility tests confirm their outstanding cytocompatibility,

outperforming Ti-Al6-V4.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

In recent years, titanium (e.g., commercial pure Ti) and its alloys
(e.g., Ti-6Al-4 V, Ti-6Al-7NDb, Ti-5A1-2.5Fe) have been the most
preferred implant materials for trauma and orthopedic surgery
[1,2]. They are widely used for biomedical materials because of
their good mechanical properties and reasonable biocompatibility
[1,3-7]. However, they have some serious problems yet to be
solved, such as unsatisfactory long-term tribology behavior, the
release of toxic metallic ions and/or particles through corrosion,
stress-shielding effect, and insufficient chemical steadiness in the
human body [1,8,9]. Therefore, the development of new titanium
alloys with improved biological and biomechanical properties has
been a hot research topic for many years [1]. Concurrently, Ti-
based bulk metallic glasses (BMGs) have gathered great research
interest, and some of them were regarded as potential implant
materials owing to their useful engineering properties such as high
strength and good corrosion resistance, which are superior to con-
ventional crystalline Ti-alloys [1,10-12]. As a result, a large num-
ber of Ti-based BMGs were reported [13]. However, most of
these BMGs include Ni and/or Be, which are harmful to the human
body because of the well-known cytotoxicity of these elements
[14]. It is known that a good glass-forming ability (GFA) usually
correlates with systems that exhibit deep eutectics [15]. In these
systems, the liquid state is stable down to lower temperatures.
When the molten alloy is cooled below the liquidus temperature
(Thiq), the increasing viscosity hinders the nucleation and growth
of crystalline phases, thus promoting the GFA [16]. It is well-
known that Cu, Ni and Be present deep eutectics with Ti in their
binary phase diagrams [17]. Accordingly, the largest critical diam-
eter of Ti-based BMGs has been reported to be over 50 mm for the
Tizy.8Zr302Nis3CugBeyy 7  and  TispgZrspCugFessBey,;  systems
[18,19].

The first Ti-based BMGs were designed by adding large amounts
of Ni and Be to alloy compositions for achieving the highest possible
GFA. Nevertheless, the well-known toxicity of these two elements in
body fluids has impeded the application of these BMGs as implant
materials. In this regard, Ti-based BMGs were proposed for Ti-Zr-
Cu-based systems [20]. After the introduction of TisZroCusgPd 4
BMG with a critical diameter of 6 mm [21,22], many researchers
have reported numerous studies on the effects of element additions
to this reportedly biocompatible BMG [14,23-28]. Especially upon 2-
4 at.% Sn substitution for Cu, cm-sized BMGs were reported by Zhu
et al. [25]. In general, these alloys exhibit a combination of outstand-
ing mechanical properties and reasonable corrosion resistance which
is superior to that of conventional crystalline Ti-alloys [29]. For
instance, TigoZroCusgPd 4 BMG yields a higher strength and lower
Young’s modulus (2 GPa and 90 GPa, respectively) compared to the
crystalline Ti-6Al-4 V alloy (0.97 GPa and 115 GPa, respectively).
However, it shows an inferior corrosion resistance in saline solution
(0.9 wt.% NaCl) as the pitting corrosion occurs around 500 mV/SCE,
while Ti-6Al-4 V alloy exceeds 1.6 V/SCE [29]. The same BMG exhi-
bits similar values (500 mV) in Hanks’ solution, whereas Ti-6Al-4 V
alloy yields more than 1 V [27]. Further, TissZroCuz;Pd;oSngs BMG
shows in Hanks’ solution about 500 mV/SCE for the pitting initiation
[30,31]. The same BMG yields 600 mV/Ag/AgCl in 1 wt.% lactic acid
and PBS aqueous solutions [23].

The corrosion resistance is explained by the formation of a pro-
tective passive oxide film on the surface of the BMGs [20,22,23].

The existence of this dense passive film, which is mainly composed
of TiO, and ZrO,, and also the inherent corrosion resistance of the
BMGs due to the absence of internal defects such as grain bound-
aries and dislocations, has led many authors to refer to these Cu-
bearing Ti-based BMGs as biocompatible. As a result, research
has concentrated on the improvement of GFA, thermal stability
and mechanical properties of these BMGs [20]. Yet, the most
important drawback of the TisZr;oCussPd 4 BMG, which is its
slight cytotoxicity [32], remains to be solved.

Even though Cu-based shape memory alloys were reported for
the potential use in some specific biomedical uses [33,34], it has
been regarded for a long time that Cu is a highly cytotoxic element,
and its presence should be completely avoided in biocompatible
materials designed for long-term implant applications
[1,5,6,8,15,31,32]. This rises from the fact that Cu introduces a risk
of inflammatory reactions when released into the body fluid, and
even an ion release down to 250 ppm can lead to a cytotoxicity
effect [35]. This risk can grow for implants with continuous contact
with the body fluid under significant load. Harmful Cu ion release
was also observed for TisoZr;oCusgPd 4 BMG, underlining that the
amorphous structure of the alloy cannot overcome the risk [32].
Moreover, Cu-bearing Ti-based BMGs present a pronounced sensi-
tivity to pitting corrosion [1,36,37]. Nevertheless, all the Ti-based
BMGs previously reported in the literature contain either Ni, Cu
and/or Be. Therefore, it is of utmost importance to find new
glass-forming alloys without any toxic elements for the efficient
utilization of Ti-based metallic glasses in implant materials.

In this regard, there have been very few reports on truly bio-
compatible Ti-based MGs, in which all the alloy constituents are
specifically chosen from only biocompatible elements [1,38]. In
their early publications, Inoue et al. investigated the superconduc-
tivity of Tigs_x\Nb,Si;5 ternary as well as Tiss_yNb3gM,Sii5 (M = Mo,
Ru, Rh, Pd and Ir) and TissNb3gSijs.xMy (M = B, C and Ge) quater-
nary systems [39,40]. Later, Oak et al. reported the first fully bio-
compatible glassy alloys of TiggZrigTa 5Siys in (TixZr,Ta,)ssSiis
and TigsZroPd40Sis in TigsZrsgxPd,Sis systems [9,11]. Even though
these alloys were presented for the first time as potential biomate-
rials without any harmful elements, the reason behind the avoid-
ance of Cu on purpose was not mentioned. More recently,
besides a new fully biocompatible TiggNb{s5Zr¢Si1s amorphous
alloy, an important list of harmful or toxic alloying additions and
the non-problematic vital elements was reported by Calin et al.
[1,36,38,41-43]. Shortly after, Lin et al. [8] presented the toxic-
element-free TispZryoTasSi;s amorphous alloy from their study of
the (TixZryTa,)ssSi15 system [3,8,37,44]. It can be stated that all of
these compositions except the TigsZr1oPd4eSis amorphous alloy
[11] can be traced back to the Ti-Si binary system. The most
recently reported truly biocompatible alloys by Calin et al. [45],
Tizozrzoszngzosizo and Ti3ozr25Nb255115Ga3B2 are also Ti-based
MG alloys, but their design is based on a high entropy alloys
(HEA) approach [46], and thus, they feature rather low Ti contents.

It should be underlined that the avoidance of Cu, Ni or Be con-
fines the GFA of biocompatible alloys to a very moderate level.
However, we believe there is no possible way to significantly
increase the GFA of the Ti-based MGs without using Be, Ni or Cu.
Since even the slightest chance of wear release in the body can lead
to severe inflammatory reactions [1,35], it is the safest way to
exclude these harmful elements from alloy design strategies in
the first place. Indeed, this is why all of the “truly biocompatible
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[1,38]” Ti-based MGs reported in the literature could only be syn-
thesized in the ribbon form. Since the first report entitled “Attempt
to develop a biocompatible Ti-based amorphous alloy” by Oak and
Inoue in 2007 [9], the situation has not changed. As mentioned
before, these three elements lower Ti;q of Ti-based alloys drastically
[47], and this allows for the use of conventional BMG production
methods such as suction or injection casting, which realize rather
low critical cooling rates (102—10° K/s) that are nevertheless suffi-
cient to impede the crystallization of the molten bulk glass-
forming alloys [15]. Yet, none of these non-problematic vital ele-
ments [1,38] yields such an important reduction in Tjiq as Cu, Ni,
or Be [17] does. This necessitates the need for other quenching
methods with much higher cooling rates (10°—10° K/s) like melt-
spinning in order to achieve an amorphous structure [15]. More-
over, this confinement brings some additional experimental diffi-
culties to the quenching process. One has to use a crucible (Al,03
or graphite), in which the melting event takes place prior to ejec-
tion of the molten alloy, always reacting with Ti, as Ti becomes
increasingly reactive at elevated temperatures [48]. In other words,
C or O contamination becomes inevitable, and this reduces the GFA
of the alloys through increased susceptibility to heterogeneous
nucleation. Furthermore, the selection of non-problematic ele-
ments allows only metalloids (except very expensive Pd) as the
main glass-forming alloy constituents since they possess the lar-
gest negative mixing enthalpies as well as the largest atomic size
mismatches with the main alloy constituents, that is, Ti and Zr.
However, their utilization simultaneously increases the amount
of non-directional covalent bonds in the atomic structure, and this
accounts for undesired brittleness [15]. Besides, these metalloids
usually exhibit positive mixing enthalpies with each other
(AH ) = 11.48 k]/mol, AH( ;) = 3.26 kJ/mol, AH[S ¢, =2.31k]/-
mol) as well as with some of the vital metallic elements (AHE’S‘KB) =
17.78 kJ/mol, AH{e ;) = 6.34 kJ/mol, AH{gx = 5.58 kj/mol) [49].
Therefore, strictly limited element selection has to be carried out
with extra caution, considering the above-mentioned negative
effects on GFA.

To the best of our knowledge, no other toxic-element-free
amorphous alloy compositions, which consist of only biocompati-
ble elements (as suggested by Calin et al. [1] and references
therein), have been reported until today. In this work, we aim to
develop new biocompatible Ti-based metallic glasses with excel-
lent corrosion resistance and evaluate their GFA, selecting alloy
compositions based on the Ti-Zr-Si-Ge pseudo-binary system as a
starting point. The studied alloys are designed using the empirical
rules proposed by Inoue [50], under the classification of TM-M type
(Transition Metal - Metalloid) metallic glasses. In this context, we
present five new toxic element-free Ti-based MG compositions,
namely Tiﬁozrzosigce7B3Sn2, Ti502r3osigce7B3Sn2, Ti502r305i5G6535-
Sl’ls, Ti4OZr4OSi3Ge7B3Sn2 and Ti4OZr4OSisGesB55n5, which can be fab-
ricated in the form of glassy ribbons.

Each phase diagram of the Ti-Si, Ti-Ge, Zr-Si and Zr-Ge binary
systems exhibits a deep eutectic reaction at 13.7 at.% Si, 14.9 at.%
Ge, 8.8 at.% Si and 9.5 at.% Ge, respectively [17]. As the previously
reported fully biocompatible alloys, our glass-forming composi-
tions are also based on metal-metalloid type systems. These alloys
generally consist of 75-85 at.% transition metals and 15-25 at.%
metalloids [15]. Even though the reason is still not very clear, it
is trivial that all of the metal-metalloid type glass-forming alloys
require at least 15 at.% metalloid atoms (of one type or a mixture
of different metalloids) in order to stabilize the glassy structure,
and they commonly feature a deep eutectic around a composition
of 15-25 at.% metalloid [15].

In this sense, except in an early study by Inoue et al. [40], silicon
has always been the sole metalloid element for metal-metalloid
type Ti-based glassy alloys. Besides being very cheap, it is a B-Ti
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(BCC) stabilizer, has limited solubility in Ti and the eutectic tem-
perature lies at 1603 K, which is the lowest among the other Ti-
metalloid binary systems. Regarding the well-known empirical
rules suggested by Inoue [15], it is expected that Si promotes the
vitrification of a glass-forming alloy. It yields a large negative heat
of mixing value (AH{‘;‘;{SU = —60.9 kJ/mol, AH;‘Qir’iSi) = —78.9 kJ/mol)
with the main alloy constituents and a large atomic size mismatch
with the Ti atoms [1]. Indeed, Si has been the only reported binary
glass-forming ( 20 at.% Si) metalloid with Ti [51].

Germanium is, on the other hand, an expensive element. There-
fore, despite being the same group element as Si, it has never been
utilized as the main metalloid glass-former for Ti-based alloys, but
only as partial replacements for Si in Tig7 sFe,5Si; 5 and TissNb3Siys
systems. It has been reported that up to 4 at.% Ge substitution for
15 at.% Si results in an amorphous structure in Ti-Nb-Si alloys [40].
For the Ti-Fe-Si ternary system, the addition of Ge yields
a more detrimental effect on the GFA, and vitrification is
feasible only up to 1.5 at.% Ge [16]. However, the Ti-Fe-Si ternary
system is not biocompatible due to the existence of Fe, and thus,
this result can be neglected. Moreover, Ge features a significant
atomic size difference with Ti and Zr (both more than 12%) and

a large negative mixing enthalpy (AHEKGE) = —51.3 kJ/mol and

AHZ“zi,X,Ce) = —72.5 kJ/mol) with the main alloy constituents [1].
Therefore, in spite of its high price and the slightly positive mixing
enthalpy with Si [49], we have decided to explore its function as a
main metalloid addition.

The participation of boron in biocompatible glass-forming
alloys also needs to be further investigated. There is only one study
on the addition of B to Ti-based non-toxic glass-forming alloys
[40]. It was mentioned that for the TissNbs3Siis ternary system,
the formation of a single amorphous phase is feasible up to 7 at.
% B replacement for Si. Other than that, this element was only used
for micro-alloying purposes in Ni- and Cu-bearing Ti-based
BMGs [13]. Boron features a much larger atomic size difference
with Ti than Si and Ge [1], but its eutectic temperature of
1813 K is the highest [17]. Despite its shallow eutectic point, we
have chosen boron as one of the main metalloid elements consid-
ering its large negative heat of mixing (AH{‘}%’EB) = —58 kJ/mol,
AHZ‘Z‘KB) = -79.7 kJ/mol) and substantial atomic size difference
with Ti and Zr.

Besides being biocompatible, Zr is chosen as the main alloy con-
stituent due to its larger atomic size than Ti [52]. Moreover, its par-
ticipation in the formation of the passive film is also important for
Ti-based alloys [20,53]. Zr belongs to the same group in the peri-
odic table as Ti, and it decreases the liquidus temperature (Tj;q) lin-
early when it is alloyed up to 40 at.% [17]. Thus, even though the
heat of mixing for the Ti-Zr at equiatomic composition is only
—0.222 KJ/mol [49], its alloying seems indispensable for Ti-
metalloid-based glass-forming systems. However, it is worth men-
tioning that the ternary eutectic composition of Ti;gZr;;Si;; was
reported to be not vitrifiable at all, and even a modified Ti;sZr;Si;s
alloy was only partially amorphous [1]. There are also some old
reports regarding the Ti-Zr-Si ternary system, but none of them
features any kind of single amorphous phase formation [54,55].

As anticipated, the selection of a fifth alloying element is also
limited by its biological safety. Since Ta and Nb have been studied
in detail before, we have excluded these two elements from our
alloy designs. More importantly, both Ta and Nb increase T;q sig-
nificantly when alloyed with Ti [17]. A high T;;q makes the quench-
ing process even more challenging since Ti-based alloys become
very aggressive at elevated temperatures, and they tend to react
with common crucible materials like quartz or graphite [48]. In
this sense, we have considered Sn a suitable element since it is
one of the few biocompatible and cheap metal candidates that do
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not increase the Tj;q of the alloy and feature a substantial atomic
size difference with Ti. Moreover, it was reported to be beneficial
to the GFA of the TizgZr9CusgPd;4 BMG as Cu substituting alloying
addition [25]. Nevertheless, Sn exhibits positive mixing enthalpies
with B, Si and Ge (17 kJ/mol, 6.34 kJ/mol and 0.03 k]/mol at equia-
tomic compositions, respectively) [49]. Regarding this serious
drawback, we did not exploit its participation and limited its con-
tent to a maximum of 5 at.%.

It has been known that the inclusion of different elements has a
synergistic impact on the corrosion behavior of different alloy sys-
tems. For instance, in nanostructured biocompatible high-entropy
alloys with multiple principal elements, the increase in the Ti/Zr
ratio within the oxide layer further increases the passivation sta-
bility [53]. Moreover, superior degradation performance and good
long-term reactivity accounted for the synergistic coordination of
Co and Mo bimetals [56]. In terms of metallic glasses, Sarac et al.
have reported a pronounced decrease in the corrosion current den-
sity, highest passivity, and lowest capacitance by simultaneously
adding Ni and Co in Fe-based metallic glass ribbons [57]. Further,
outstanding corrosion resistance of Zr4oTi3sNi;4sNby; metallic glass
compared to stainless steel 316L and commercially pure Titanium
were ascribed to the combined effect of chemically and struc-
turally homogeneous amorphous structure and protective passive
film [58]. Moreover, the synergistic effect of Pt and Pd in alloys
containing both noble metals was demonstrated towards hydrogen
oxidation reaction [59]. Finally, the combinatorial influence of
minor elements such as Sn, Nb and Ta was revealed by the drop
in the passivation current density in Ti-Zr-Pd-Cu based metallic
glasses in PBS solution [60].

2. Experimental procedure

Master alloys with nominal compositions (at.%) TigoZr20SigGe;-
B3Sn2, Ti5OZr30$i8Ge7B3Sn2, Ti502r3OSi5Ge5B5Sn5, Ti4ozr4osigGC7B3—
Sn, and TigZrsoSisGesBsSns were prepared via arc melting
elemental Ti (99.99%), Zr (99.95%), Si (99.4%), Ge (99.99%), B
(99.4%) and Sn (99.99%) under a Zr-gettered high purity Ar
(99.999%) atmosphere. During the preparation, the alloy ingots
were flipped and remelted four times for homogenization. All cast-
ing trials were done under high purity argon atmosphere after
flushing the vacuum chamber of the melt spinner twice with argon
and going down to a vacuum level of 3.10~% mbar. The velocity of
the copper wheel was kept constant at 31.4 m/s. Ribbons of five
different alloy compositions were quenched from the above-
mentioned master alloys using quartz crucibles.

To confirm the flexibility of the material for the implant appli-
cations, we have included a bent ribbon image which is a represen-
tative alloy with the best corrosion properties (Fig. S1). The as-
spun ribbons were subjected to X-ray diffraction (XRD) analysis
to ascertain their amorphous structure. These measurements were
performed in reflection configuration (D2 phaser - Bruker) using
Co-Kot (. = 1.78897 A) radiation. In order to compare the lab source
and the synchrotron source data with different wavelengths, the
obtained diffraction angles 20 were converted to the momentum
vector ¢, using q = 4.7.sin(20/2)/4, where A is the X-ray wave-
length. A computer-controlled differential scanning calorimeter
(DSC) was used to determine the glass transition (T,) and crystal-
lization (Tx) temperatures of the amorphous ribbons. The tests
were conducted using a Netzsch DSC 404 F1 Pegasus device under
high purity (99.999%) Ar atmosphere at constant heating and cool-
ing rates of 20 K/min.

The corrosion behavior of the different ribbons was analyzed by
electrochemical tests in a naturally aerated solution of NaCl at
0.9 wt.%, with an adjusted pH = 7.4 + 0.1 at room temperature.
The solution and temperature were selected as recommended in
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the ISO 10,271 standard for dentistry applications. The electro-
chemical measurements were performed in a three-electrode glass
cell using a reference 600 potentiostat (Gamry Instruments, USA), a
saturated calomel electrode (SCE) as a reference electrode, and a
graphite electrode as a counter electrode. Part of the ribbons was
immersed as a working electrode. The immersed surface was
delimited by a blocking varnish as well as the electrical connection
was isolated from the solution. The exact exposed surface was
determined a posteriori by optical micrography (0.1-0.5 cm?).
The open circuit potential (OCP) was monitored during 7200 s to
achieve stationarity of the interface between the working electrode
and electrolyte. Subsequently, cyclic polarization tests (CPT) with a
scan rate of 1 mV/s starting from —0.2 V vs OCP were conducted.
The limit conditions for the forward scan were +2.5 V vs SCE or a
current density of 2 mA/cm?. The reverse scan rate was 1 mV/s,
and it was stopped when the current density reached negative val-
ues. At least three tests for each composition were performed. After
the CPT, the samples were cleaned with ethanol to eliminate the
salts. The ribbon’s surface and chemical composition were ana-
lyzed by scanning electron microscopy (SEM) using a voltage of
10 kV in a TESCAN VEGA 3 microscope coupled with Energy disper-
sive X-ray spectrometry (EDX). The information was processed
with the software AZtec (OXFORD INSTRUMENTS).

In-situ X-ray diffraction was performed on beamline ID 13 using
the Extremely Brilliant Source (EBS) of the European Synchrotron
Radiation Facility (ESRF) using a Dectris Eiger 4 M detector with
a photon energy of 13.0 keV in transmission setup. The beam size
amounted to 30 pm, and the sample to detector distance of
0.1091 m. The diffraction patterns were carefully calibrated using
an Al,O3 reference (NIST 674a), and the pyFAI software [61] was
used for azimuthal integration. Full azimuthal integration was
used in order to collect the integral geometric information about
the sample. The software pyFAI was used for this operation. The
usage of the EBS (Extremely Brilliant Source) that is available after
the recent upgrade of the ESRF provides unprecedented brilliance.
As a focused beam was used, the high photon flux was fully avail-
able for the collection of high-quality diffraction patterns with
excellent statistics for the diffraction volume.

The cytocompatibility analysis was conducted by Human bone
marrow-derived stem cells (hMSC). hMSC were purchased from
Merck (PromoCell C-12974) and were cultivated in low-glucose
Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich) sup-
plemented with 15% fetal bovine serum (FBS, Merck) and 1%
antibiotics (penicillin/streptomycin, Merck) at 37C, 5% CO, atmo-
sphere. Cells were cultivated until 80%—90% confluence, detached
by a trypsin-ethylene diamine tetra acetic acid (EDTA) solution
(0.25% in phosphate buffer saline (PBS), from Merck), harvested
and used for experiments. Cells were directly seeded onto speci-
mens’ surface at a defined density (5000 cells/sample), and after
4 h of allowing adhesion, 500 pl of culture media was added to
each sample. Subsequently, they were cultivated for 24 and 48 h;
at each time point, the viability of the cells was evaluated using
metabolic activity using the resazurin metabolic assay (ala-
marBlue™, ready-to-use solution from Life Technologies) by
directly adding the dye solution (0.015% in PBS) onto the cell-
seeded specimens. After 4 h of incubation in the dark, the fluores-
cent signals (expressed as relative fluorescent units — RFU) were
detected at fluorescence excitation wavelength 570 nm and fluo-
rescence emission reading of 590 nm by spectrophotometer (Spark,
Tecan Trading AG, Basel, CH). Moreover, the fluorescent Live/Dead
assay was applied to visually check for viable cells (Live/Dead, Via-
bility/Cytotoxicity Kit for mammalian cells, Invitrogen) with a dig-
ital EVOS FLoid microscope (from Life Technologies). Finally,
Scanning Electron Microscopy (SEM, JSM-IT500, JEOL) imaging
was used to compare bacterial attachment on the sample’s surface.
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3. Results and discussion
3.1. Thermal properties

Fig. 1 (a) displays the continuous-heating DSC scans of the as-
spun amorphous ribbons. The SigGe;BsSn,-containing alloys crys-
tallize in a narrower temperature interval, whereas the last two
alloys with SisGesBsSns present a distinctly separated two-stage
crystallization process. Interestingly, except for the TigoZr20SigGez-
B3Sn, alloy, the largest crystallization peaks follow a clear trend.
When the content of other alloy constituents is equal, that means
SigGe;B3Sn, and SisGesBsSns groups, the positions of the main
exothermic peaks depend on the Ti-Zr ratio of the alloys. For Tiso-
Zr3g-bearing alloys, the main peaks are located at higher tempera-
tures, while TizoZr4o peaks appear at lower temperatures. However,
this trend does not hold for the onset temperatures (Ty) of the
smaller exothermic peaks. Even though Ty (=863 + 2 K) of the Tiso-
Zr30SigGe;B3Sn; alloy is higher than Ty (=847 + 2 K) of the TizoZr40-
SigGe;B3Sn, alloy, which is similar to the correlation between their
larger peaks, the TisoZr30SisGesBsSns alloy exhibits a much lower
Tx (=834 +2 K) than the Tx (=855 +2 K) of the Ti4ozr4osi5G65B55n5
alloy. Moreover, the TisgZr3¢SisGesBsSns alloy presents the widest
temperature interval for the crystallization event.

It is well-known that a precise determination of the glass tran-
sition temperature (Tg) can often be problematic for melt-spun
metallic glass ribbons [15]. Indeed, for the fully biocompatible Ti-
based amorphous alloys, many authors have reported the absence
of a clear endothermic event that could account for T, [1,9,11,45].
Except for the Ti5oZr3oSisGesBsSns alloy, this is also the case in this
study. Thus, we have subtracted the second heating curves from
the initial ones to detect the glass transition event more clearly.
Fig. 2. (b) shows the obtained T, and T values of the studied alloys.
It can be seen that even after the curve subtraction, the TizgZr40Sig-
Ge,B3Sn, and TiggZr4SisGesBsSns alloys do not reveal a detectable
Tg. On the other hand, Tiggzrzosigce7B3sn2, Ti5ozr3osi3GG7B3Sn2' and
TisgZr30SisGesBsSns exhibit small endothermic bumps just before
their crystallization initiate. According to these Ty values, the
extension of the supercooled liquid region (SCLR = ATy = T, - Tg)
of the related alloys is calculated, and these values are shown in
Table 1.

Table 1 shows that the TiggZr,oSigGe;B3Sn, and TisgZr;oSisGes-
BsSns alloys exhibit a slightly larger ATy than TisgZr3eSigGe;B3Sn;.
Besides, TisgZr3eSisGesBsSns is the only alloy with a distinct T,
which can be detected from its initial DSC scan without any curve
subtraction. Nevertheless, differences between the deduced SCLR

Materials & Design 223 (2022) 111139

values lie within the error limit of our DSC device, and thus, they
cannot be used for a dependable GFA comparison. Another partic-
ularly important thermal parameter for GFA, the reduced glass
transition temperature (T;g = Tg/Tjiq) of the alloys, cannot be calcu-
lated due to the very noisy melting signals of the alloys. This stems
from the inevitable reaction between the molten alloy and the
Al,05 crucible of the DSC. Considering these drawbacks, we believe
that the quality of amorphous samples that could be produced
from a single master alloy might play a role in GFA evaluation. It
is critical to note that the TisgZr3¢SisGesBsSns alloy has given the
most decent ribbons, and all the melt-spinning trials were success-
ful in terms of amorphization. Based on our visual observations,
TisoZr30SisGesBsSns seems to have a better GFA than the other
compositions. During the melt-spinning process, we have tried to
find the optimum overheating temperature that yields the best rib-
bon shape for each alloy. In this context, the majority of the melt-
spinning attempts ended up with amorphous ribbons for the Tigo-
Zr40SisGesBsSns alloy, likewise for TisgZrsoSisGesBsSns. This was
not noticed for the alloys that contain SigGe;B3Sn,.

3.2. Structural properties

Fig. 2 shows the XRD patterns of the wheel- and air-side of the
as-spun ribbons. The broad diffraction maxima on both sides of the
ribbons confirm the amorphous atomic structure of the ribbons.
The numbers on the image designate the wheel-side diffraction
maxima of the corresponding alloys. It can be seen that, for the Sig-
Ge;B3Sn, group, the maximum of the broad diffuse maximum
shifts to higher 2-theta angles with increasing Ti- and decreasing
Zr-content. Since the position of the diffraction maximum is inver-
sely related to the average radius of the first coordination shell
[62,63], it can be stated that the first neighbor atomic distance
decreases upon Ti replacement for Zr, and the disordered atomic
configuration of the alloys becomes denser. This applies to the Sis-
GesBsSns group as well.

Especially for the alloys that contain TisgZr3o, the decrease in
average atomic distances is similar for both groups. However, the
TigoZr,0SigGesB3Sn, alloy exhibits a seemingly denser atomic
structure compared to the other alloys, which should be related
to the atomic radius of Zr (0.162 nm), the largest of all alloy con-
stituents [52]. Thus, the lowest Zr content should lead to a decrease
in average bonding distances, which becomes apparent on the shift
of the broad maxima to higher diffraction angles. On the other
hand, the average interatomic distance is larger for the SisGesBsSns
group at a constant amount of TisgZrsg and TigoZr4.

— T Zr;,SigGe,B,Sn,
— Ti o Zr,,SigGe,B;Sn,)

— TigZr,,Si;Ge;B.Sn

= TiyoZr,,SisGe;B.Sny

DSC [a.u.]

T,=852K
41 =863k | TisoZr3SisGe;BsSny

T, =830K — TiyyZr,,SigGe,B;Sn,)
—TigyZr,,Si;Ge;B.Sn

— TizZr,,Si;Ge;B.Sn,

DSC [a.u.]

T T T T T
600 800 1000 1200 1400

Temp. [K]

T T T
800 900 1000

Temp. [K]

Fig. 1. (a) High-temperature DSC scans of melt-spun glassy ribbons recorded at a heating rate of 20 K/min. (b) DSC scans normalized via subtraction of the second heating
curve from the first one. The direction of the endothermic events is upwards for both images.
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Fig. 2. XRD patterns obtained from the wheel- and air-sides of the as-spun ribbons. The numbers on the image designate the wheel-side diffraction maxima (the curve placed

above of the two measurements of the same ribbon type) of the corresponding alloys.

Table 1

Thermal properties (AT = Ty-Tg, Tg = Glass transition temperature, Ty = Crystallization
onset temperature) and ejection temperatures of the investigated alloys. The error
limit of the DSC is about + 2 K.

Alloy T, [K] T K] ATy [K] Teject [K]
TigoZr20SisGesBsSn, 830 852 22 1823
TisoZr3SigGesBsSn, 842 863 21 1893
TiaoZra0SisGe;BsSn, - 847 - 1823
TisoZr3SisGesBsSns 812 834 22 1773
TiaoZraSisGesBsSns - 855 - 1883

Recently, a new general relation between the atomic structure
and GFA has been proposed by Li et al. [64]. In order to evaluate
the GFA of the alloys, the diffraction angle 20 was converted to
the momentum vector g, using q = 4.7.sin(20/2)/4, where 7 is
the X-ray wavelength. They have reported a simple but powerful
Aq - GFA correlation for individual ternary alloy libraries, and a
large value of the full width at half-maximum (FWHM) of the first
broad diffraction maximum, Ag, was proven to be a structural indi-
cator for a high GFA.

In this regard, we have calculated the FWHM values of the stud-
ied alloys in order to make a structural GFA comparison. The
deduced Aq values of the broad diffraction maxima obtained from
conventional XRD scans are depicted in Fig. 3. The values of Aq
were obtained via applying a Gaussian nonlinear curve-fitting
function to the wheel-side XRD patterns after background
subtraction.

According to the ascertained Aq values, the TisoZr30SigGe;B3Sn;
alloy should possess the highest GFA, whereas Tis5oZr3¢SisGesBsSns
and TigoZr40SisGesBsSns should have the worst ones. However, as
mentioned before, these two alloys yielded the best results during
the melt spinning process. Moreover, the alloys yielding the largest
Aq, i.e., TisgZr3gSigGe;B3Sn; and TiggZr,eSigGe;BsSn; ribbons, were
the most problematic ones in terms of reproduction. Nevertheless,
the general trend of Aq holds also when the values are deduced
from the synchrotron XRD patterns.

In Fig. 4, these synchrotron XRD patterns and the applied non-
linear curve-fitting function (Voigt) are depicted. It can be seen
that, except for the missing TigoZr0SigGe;BsSn, alloy, the order
of Aq values is entirely in accordance with the previous ones from
Fig. 3. Thus, despite the observed contradiction in reproducibility,
it is safe to state that the order of GFA from highest to lowest is
as follows: Ti502r305i3G67B3Sn2, Ti4OZr4OSi3Ge7B35n2, Ti502r3osi5-
Ge5B5SH5 and Ti4ozr4gsi5GE5BSSﬂ5, excluding TingfzoSigGE7B3SH2.

This result seems especially straightforward considering the
positive mixing enthalpies between the minority alloy con-
stituents. In this regard, the most significant enthalpy of mixing

values are AH 5 = 17.78 k]jmol, AH{Zx 5 = 11.48 k]/mol and

AH?S‘L{SD = 6.34 kJ/mol [49]. However, for the alloys bearing the Sis-

GesBsSns group, this might limit the GFA by violating the third
empirical rule of Inoue [50] since there are simply more repelling
atomic pairs in their composition compared to the SigGe;BsSn,
bearing alloys. Apparently, BsSns affects the GFA more negatively
compared with B3Sn,, because the number of B-Sn pairs with the
largest positive heat of mixing increases significantly.

On the other hand, the GFA of the TigoZr4o main group appears
to be inferior in both alloy pairs. As Zr possesses the largest nega-
tive enthalpy of mixing with other minor alloy constituents, at first
glance, this seems to contradict the assumptions mentioned above
because it is expected that Zr atoms would make stronger bonds
with alloying elements than Ti atoms do. As this being true, one
also has to take into consideration that TizgZrse-bearing alloys
are quasi-equiatomic compositions, and more importantly,
AH?}%’fm is only —0.222 kJ/mol at a 0.5-mol fraction of Zr [49]. This
emphasizes that when the content of the main constituents
equally corresponds to 80 at.% of the alloy, the GFA decreases sim-
ply because of the low negative enthalpy of mixing between Ti and
Zr atoms. In this regard, one would expect that TiggZr,SigGe;B3Sn,
should have the highest GFA, considering the fact that the TiggZr2o
group is the farthest from being equiatomic. However, this time
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Fig. 3. FWHM (Aq) values of the wheel-side XRD patterns. The Aq values were obtained via applying a Gaussian nonlinear curve-fitting function to the wheel-side XRD
patterns after background subtraction.
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Fig. 4. FWHM (Aq) values obtained from synchrotron XRD patterns. The values of Aq were obtained via applying a nonlinear Voigt function to the synchrotron diffraction
peaks of each alloy.

the negative mixing enthalpy of Zr with the other elements plays a AH?ZI?(—B) =-772 kJ/mol, while AH{'“[?ESi) =-60.81 kJ/mol,
decisive role. Zr always yields the largest negative enthalpy of mix- mix mix

ing values with the selected alloy elements. For instance, tA:(Tli’G@ _2751‘35 ktJ/ [?fl)ﬂl arzld ASITI(TGFB)B_5765'O41]:J/,IDOI [49]. T}Cl;_;
AH?Zlirx—Si) _ 784 Kjjmol. AH<mzi-)ice) _ 7258 Kjjmol and e lower Zr content of TigoZr,0SigGe;B3sSn, results in a worse
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in comparison to TisoZr3oSigGe;B3Sn,, and this is also confirmed by
their Aq values in Fig. 3.

3.3. Potentiodynamic polarization

Representative open-circuit potential (OCP) and the cyclic
potentiodynamic polarization curves obtained for each MG tested
are shown in Fig. 5. The main electrochemical parameters
extracted from these experiments are summarized in Table 2.
The OCP curves in Fig. 5(a) show that TiggZr,oSigGe;B3Sn, and Tisg-
Zr30SisGesBsSns alloys have a slight increment in the first 3000 sec,
indicating passive film formation, and then they reach a relatively
steady state. On the other hand, TisgZr30SigGe;B3Sn, and TigeZr4o-
SisGesBsSns alloys display a steady increase in potential through-
out the test period, implying the need for a longer time to
stabilize the passive film interface. Finally, TizoZr4oSisGe;B3Sn,
reveals a stable state in the first half of the test, and then the
OCP continuously decreases until the end of the test. Similar find-
ings were recorded for TisoZr3oSigGe;B3Sn, and TiggZr40SisGesBs-
Sns, but these alloys require more time to stabilize the passive
film interface. In all the cases, the OCP reported at the end of the
test is within a narrow range from —278 mV to —347 mV (see
Table 2), suggesting a comparable passive layer composition and
a similar interface. The observed slight differences could be related
to the native oxide layer on the ribbons or their surface state.

The cyclic polarization curves in Fig. 5 (b) show the passivation
behavior upon anodic polarization for all tested ribbons. The corro-
sion potential (Ecorr) appears very close for all the compositions,
with differences of less than 100 mV. The passivation current den-
sity (Ipass) is also very similar, but the passive film grown on Tiso-
Zr30SisGesBsSns and TiggZrsoSisGesBsSns seems to achieve a
slightly lower current density of 2.4 x 107® A/cm? followed by
the passive state of sample TizZrs0SigGe;B3Sn, with 2.58 + 0.27 x
107% Ajcm?. It is worth mentioning that the TigoZr.oSigGe;B3Sn;
alloy shows the highest passivation current density (2.87 £ 0.31 x
107% A/cm?). The cyclic potentiodynamic technique is also a highly
effective method to determine the susceptibility of a metal or alloy
to pitting corrosion when exposed to a specific corrosive medium
and the probability of repassivation if the passive film is damaged
(in the case of passive materials). For this reason, the pitting poten-
tial (Epir), the repassivation potential (E,p), and the passivation
domain (npit), which is the difference between E,; and Eco,r, were
measured for all the alloys, and their average values of a minimum
of three tests are reported in Table 2.

Conversely to the trends of Ecorr and Ipass, Epit, Epp, and therefore
also npic exhibit significant differences. The alloys TigoZr20SisGe7Bs3-
Sn, and TiseZrs3eSigGe;B3Sn, have the highest Epi; values with
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1.48 £+ 0.08 V and 1.26 + 0.18 V vs SCE, followed by TisoZr40SigGe;-
B3Sn, and TisgZr3eSisGesBsSns amorphous ribbons, which have
similar values, 0.73 + 0.07 V and 0.76 £ 0.04 V vs SCE, respectively.
Finally, the TisoZr4oSisGesBsSns alloy yields the lowest Ep;c with 0.
61 + 0.08 V vs SCE. The ability of the materials to repassivate after
the passive film is damaged, or the repassivation potential (Epp)
and n,;; follow the same tendency, being headed by the TigoZr,0Sis-
Ge;B3Sn, alloy. Note that the tendencies always favor the alloys
with the highest amount of Ti. However, the difference of E,;: —
Eyp is higher in these alloys, e.g., 0.74 = 0.01 V for the TigoZr,(Sig-
Ge;B3Sn, alloy, suggesting a lower resistance to pit propagation
even though it has the widest passivation region and the highest
passivation current density. It is also important to mention that,
when the pits nucleate, they might perforate the materials and
affect the repassivation ability determination.

According to the results, TiggZroSigGe;B3Sn, and TisgZrsoSig-
Ge,B3Sn, MG ribbons present a high pitting potential (Ep;) and
passivation region (rnpi;) in all the cases compared with other Ti-
based MG alloys tested in the same or similar conditions
[1,8,9,11,30]. For instance, Liens et al. [29] reported E.or = —0.07
V, Epit = 0.5V, and Mpit 0.57 V vs SCE for the Ti402r10CU36Pd14
BMG alloy in 0.9 wt% of NaCl at 310 K. Tested under the same con-
ditions Liens et al. [20] reported values of E.o;; = —0.016 + 0.061 V,
Epit =0.365 £ 0.072 V, and npi¢ = 0.381 V vs SCE for the TigoZr10Cuss-
Pd14Sn; alloy; and Ecorr = —0.016 £ 0.010 V vs SCE and E;; = 0.43
5+0.07V, and Mpit = 0.445 V vs SCE for the Ti4021‘10CU34Pd14Sl’125i1
alloy. Hua et al. [65] reported Ecorr = —0.17 V vs SCE, an Ep;e = 0.50
V, and npi; = 0.67 V vs SCE for a similar alloy (TigoZr1oCusgPd;>)
tested in phosphate buffer saline solution at room temperature.
Although the corrosion potentials are more positive in these alloys,
indicating higher stability in the solution [65], the pitting poten-
tials, as well as the passivation region ( 0.37-0.67 V), are much
lower compared with all the alloys reported in this work. The sus-
ceptibility of the TiZrCu BMG alloys is linked to the Cu content, so
in terms of corrosion, it is beneficial to substitute copper with
other elements such as the ones proposed in this work. However,
as Cu promotes the glass-forming ability is not always easy to find
some substitute. For this reason, TigoZr20SigGe;B3Sn, and TisgZrso-
SigGe;B3Sn, compositions are good candidates for biomedical
applications thanks to their huge passivation domain and their
ability to repassivate.

Fig. 6 (a-d) shows the SEM micrographs of the TiggZr0SigGe;B3-
Sn, and TiseZr3oSisGesBsSns alloys taken before and after the cyclic
polarization. As shown in Fig. 6. (a) and (c), the samples look quite
alike in their as-spun state. Since these two alloys exhibit the
widest (1.89 V) and the second narrowest (1.12 V) passive region,
they represent the relative difference in corrosion resistance accu-
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Fig. 5. (a) Open-circuit potential and (b) Cyclic potentiodynamic polarization curves for the Ti-based MG ribbons produced in this work.
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Table 2

Materials & Design 223 (2022) 111139

Electrochemical results for Ti-based alloys with different compositions. OCP = open-circuit potential, Ecorr = corrosion potential, I;.ss = passivation current density, Ep;c = pitting

potential, Ep;, = repassivation potential, it = Epit — Ecorr = passivation domain.

A110y ocp Ecorr Ipass Epit Epp Mpit Epi( - Epp
[V vs SCE] [V vs SCE] 107%[A/cm?] [V vs SCE] [V vs SCE] \Y] vl
TisoZr20SisGe;B3Sn, ~0.347 ~0378 2.87 1.48 073 1.89 0.74
+0.02 +0.04 +0.31 +0.08 +0.08 +0.12 +0.01
TiseZr30SigGe;BsSn, -0.288 -0.343 2.81 1.26 0.70 1.60 0.53
+0.02 +0.08 +0.30 +0.18 +0.01 +0.15 +0.18
TigoZr40SigGe;B3Sn, -0.307 -0.395 2.58 0.73 0.32 113 0.41
+0.03 +0.03 +0.27 +0.07 +0.03 +0.07 +0.04
Ti5oZr30SisGesBsSns -0.278 -0.356 2.40 0.76 0.49 1.12 0.27
+0.05 +0.05 +0.27 +0.04 +0.01 +0.08 +0.03
TigoZr40SisGesBsSns -0.289 + 0.05 -0.333 243 0.61 0.28 0.94 0.33
+0.04 +0.37 +0.08 + 0.04 +0.11 +0.07
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Fig. 6. SEM micrographs of (a) as-spun TigoZr20SisGe7B3sSn; alloy (b) same alloy after the cyclic polarization test (c) as-spun TisoZr30SisGesBsSns alloy (d) same alloy after the

cyclic polarization test.

rately. For instance, after reaching a maximum current density of
2 mA/cm? during polarization, one can see that TisqZr30SisGesBsSns
alloy is much more susceptible to NaCl medium and exhibits sig-
nificant corrosion-related damage, as depicted in Fig. 6. (d). Con-
versely, the effect of the corrosive environment is not as
profound for the TiggZr,oSigGe;BsSn, alloy, and although there
are some corrosion products on the ribbon surface, no holes are
visible, as shown in Fig. 6. (b).

The difference in the integrity of the ribbon’s surface is in agree-
ment with the results obtained during the polarization tests, where

the TigoZr,oSigGe;B3Sn, alloy yields a much better protective pas-
sive film compared with the TisgZr3¢SisGesBsSns alloy. This is also
the reason why pitting corrosion-related damage observed on the
surface of the TisgZr3¢SisGesBsSns ribbon is more pronounced,
whereas on the sample TigoZr,0SigGe;B3Sn,, these areas are consid-
erably smaller and the oxides formed are still attached to the sur-
face, which can help to slow down the further pitting growth [66].

To explore the elemental compositions of the pitting corrosion
products, these two alloys were subjected to EDX analyses on the
designated spots shown in Fig. 7 (a) and (b). The results of the
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Fig. 7. SEM micrographs used in EDX analysis of the corrosion products of (a) TigoZr,0SigGe;B3Sn; alloy and (b) TisoZr30SisGesBsSns alloy after the cyclic polarization test. The
spots numbered 5 and 6 indicate the alloy surface and used to compare with the corrosion products.

Table 3

EDX analysis of the designated spots shown in Fig. 7. (a) and (b). As-spun sample of TigoZr0SigGe;B3Sn; yielded Ti: 55.46, Zr: 20.13, Si: 7.94, Ge: 6.63, Sn:2.28, O: 7.26 in at.%;
while as-spun ribbon for TisoZr3SisGesBsSns gave out Ti: 49.55, Zr: 26.01, Si:6.59, Ge:4.81, Sn: 4.56, O: 8.48 in at.% (mapped out of the large proportion of the SEM images of the
as-spun samples).

Alloy TigoZr20SigGe;B3Sn, TisoZr3oSisGesBsSns

Spots 1 2 3 4 5 [ 1 2 3 4 5 6

Ti 14.82 15.56 17.00 9.29 58.90 55.80 14.20 23.98 34.76 11.95 47.66 49.11
Zr 6.44 5.26 6.03 523 19.82 19.09 9.97 13.19 21.22 7.90 29.95 2747
Si 2.57 2.19 2.63 2.26 5.71 6.17 3.50 4.86 421 3.22 413 5.11
Ge 2.00 2.60 227 2.98 5.06 538 1.78 2.29 2.55 2.58 5.81 3.51
Sn 1.10 0.80 0.56 0.51 1.62 1.53 0.50 2.05 4.06 1.11 4.69 5.52
[0} 73.07 73.59 71.51 79.72 8.89 12.04 70.05 53.53 33.20 73.25 7.77 9.28

MG2- Tig,Zrs,Si;Ge;B;5n, ll MG34Ti, 2r, Si;Ge;B.Sn,

.

A “

MG4' TisozaisGeSBssns

"o

200+

150
100 |

% Metabolic activi

a
[= -]

MG1 MG2 MG3 MG4 MG5
Fig. 8. Cytocompatibility evaluation of metallic glass ribbons: MG1-TigoZr0SigGe;B3Sn,; MG2-TiseZrsSigGe;B3Sny; MG3-TiggZr40SigGe;B3Sn,; MG4-TiseZrsSisGesBsSns;

MG5-Tig0Zr40SisGesBsSns. Human mesenchymal stem cells (hMSC) were cultivated directly on samples surface for 24 and 48 h, and the cytocompatibility was evaluated by:
(a) Live/Dead images after 48 h, (b) Metabolic activity after 24 h and 48 h. Ti-6Al-4 V is used as a control sample (100 %).
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Fig. 9. SEM images of metallic glass ribbons after 48 h cytocompatibility test by human mesenchymal stem cells (hMSC).

related EDX scans are presented in Table 3. Since the detection of B
is not possible via EDX, it was excluded from the elemental selec-
tion. EDX scans are presented in Table 3. Since the detection of B is
not possible via EDX, it was excluded from the elemental selection.

The elemental analysis reveals that points 1, 2, 3 and 4 in both fig-
ures stand for corrosion-related oxides, most probably TiO, and ZrO,.
This is evident from the significant difference in Ti and Zr contents
between these spots and the matrix. Moreover, for both alloys, one
can see that the oxygen amount is always higher compared with
points 5 and 6. Points 5 and 6 also yield almost the same results as
the EDX analysis of the alloys in their as-spun state. Since the pitting
corrosion initiates on the local defects or crevices, where the passive
oxide layer was penetrated by the corrosive medium, it is expected
that spots 5 and 6 yield similar results with as-spun samples.

3.4. Cytocompatibility analysis

Cytocompatibility of metallic glass ribbons was investigated
preliminary in vitro on human bone marrow-derived mesenchy-
mal stem cells (hMSC); hMSC cells were directly seeded on the
samples’ surfaces, and after 24 and 48 h, the viability and the mor-
phology of adhered and spread cells were determined by Live/Dead
imaging as reported in Fig. 8 (a), a representative for an 48 h of cul-
tivation. Later, the viability of the cells was further evaluated by
employing the metallic activity using the resazurin solution (Ala-
mar blue) assay. Results are reported in Fig. 8 (b), where Ti-6Al-
4 V was used as a control sample (%100 Metabolic activity)
(Fig. S2).

Further visualization of cells on samples was conducted by SEM
and is shown in Fig. 9. According to Fig. 8 and Fig. 9, all metallic
glass compositions appear to be fully cytocompatible. Indeed, com-
pared with Ti-6Al-4 V (Fig. S2), they all show considerably better
cell viability and metabolic activity. The most cytocompatible
metallic glass composition appears to be TizoZr40SisGesBsSns. In
general, SisGesBsSns bearing alloys present better cell viability
after 24 h and 48 h.

4. Conclusions

Five new Ti-based MG alloys without any harmful elements
have been introduced. As anticipated, the new alloys are marginal

11

glass formers similar to their truly biocompatible predecessors. A
GFA evaluation based on the thermal properties appears ineffective
since most alloys do not reveal any Tg. It has been found that the
atomic structure of the alloys is quite sensitive to compositional
changes. With increasing Ti and decreasing Zr content, the maxi-
mum of the broad diffuse XRD peak shifts to higher 2-theta angles,
indicating that the first neighbor atomic distance decreases and the
disordered atomic configuration of the alloys become denser. Tigo-
Zr,0SigGe;BsSn, seems to be the densest alloy with the least Zr
content.

FWHM values (= Aq) of the amorphous diffraction maxima
obtained from conventional and synchrotron XRD experiments
reveal that the order of GFA from highest to lowest is TisgZr3oSig-
Ge;B3Sn,, Ti4gzr4gsigce7B3SH2, Ti5ozr305i5GE5B5Sn5 and Ti4ozr4osi5—
GesBsSns, excluding TiggZrpeSigGe;B3Sn,. Rising from the positive
mixing enthalpies between the minority alloy constituents, the
alloys bearing the SisGesBsSns group seem to have a lower GFA,
since there are more repelling atomic pairs in their composition
than the SigGe;B3Sn, group. Apparently, BsSns affects the GFA
more negatively in comparison to BsSn,-bearing alloys because
of the increased number of B-Sn atomic pairs with the largest pos-
itive heat of mixing. Moreover, when the content of the main con-
stituents equally corresponds to 80 at.% of the alloy, the GFA drops
due to the low negative enthalpy of mixing between Ti and Zr
atoms.

Electrochemical tests in a naturally aerated solution of 0.9 wt.%
NaCl at room temperature suggests that TigeZr20SigGe;B3Sn, and
TisoZr30SigGe;B3Sn, compositions have a high pitting potential
(Epit) and the widest passivation region (npit = Epit — Ecorr) in all
the cases compared with other Ti-based MG alloys and Ti-based
BMGs tested in the same or similar conditions. The trends are con-
sistent in both alloy groups: The higher the Ti content, the wider
the passivation region. On the other hand, the alloys bearing Sis-
GesB5Sns yield a clearly inferior corrosion resistance in comparison
to their SigGe;B3Sn,-bearing counterparts. Apparently, increasing
Sn content deteriorates the passivation region. In this sense, struc-
tural GFA indicators favor the alloys with higher corrosion resis-
tance. This emphasizes that SisGesBsSns-bearing alloys turn out
to be less promising than the SigGe;B3Sny-bearing counterparts
by means of their GFA and corrosion properties and, thus, B and
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Sn coexistence should be avoided for alloy design purposes in the
future.

The difference in the corrosion-related damage on the ribbon’s
surfaces agrees with the results obtained after the cyclic potentio-
dynamic tests. The pitting damage in the TigoZr,0SigGe;B3Sn, sam-
ple is smaller than in the TisgZr3¢SisGesBsSns sample. The sample
of TigoZr,0SigGe;B3Sn, shows smaller pits with the corrosion prod-
ucts still attached to them (metallic hydroxides), while the sample
of TisoZr3pSisGesBsSns shows larger holes but with no corrosion
products. For the characteristics of the pits on the sample TigoZro-
SigGe;B3Sny,, it can be assumed that the pits are in an earlier step of
formation due to the most resistant protective passive film formed
in this alloy.

Direct cytocompatibility analysis was confirmed for all compo-
sitions using human mesenchymal stem cells. The cell metabolic
activity on samples’ surfaces outperformed the gold standard Ti-
Al6-V4 alloy. Further optimization of these Ti-based biocompatible
advanced alloys for higher biocorrosion resistance in line with the
enhanced glass-forming ability is envisaged by fine-tuning the
metalloid and adding appropriate soft metal elements.
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