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a b s t r a c t

We introduce four new biocompatible toxic element-free Ti-based metallic glass (MG) compositions with
constant metalloid (Si10B5) and varying precious metal (PM) contents for simultaneous improvement in
glass-forming ability (GFA) and corrosion properties. Being completely free from cytotoxic elements like
Cu, Ni, or Be, which are indispensable for Ti-based bulk metallic glass production, limits the GFA of the
studied alloys significantly. However, avoiding these elements also realizes an unprecedented corrosion
resistance in simulated body fluids, which supports the potential utilization of the alloys as long-lasting
dental implant material. The novel Ti60Zr15Si10B5Pd10, Ti60Zr15Si10B5Pt10, Ti60Zr15Si10B5Pd5Pt5, Ti60Zr15-
Si10B5Pd5Au5 alloys are obtained in ribbon form using conventional single-roller melt spinning. The effect
of the PM additions on the GFA and corrosion resistance of the alloys is investigated comparatively with
each other by synchrotron X-ray diffraction, differential scanning calorimetry, scanning electron mi-
croscopy, and cyclic polarization tests. Further, their Vickers hardness values are deduced using an ultra-
sensitive micro indentation method, and the findings are discussed based on the composition depen-
dence. It was found that the Ti60Zr15Si10B5Pd5Pt5 alloy presents a promising GFA while showing
outstanding corrosion resistance in a simulated body fluid at 310 K.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

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

Titanium (e.g., commercial pure Ti) and its alloys (e.g.,
Tie6Ale4V, Tie6Ale7Nb, Tie5Ale2.5Fe) are still the most
commonly used implant materials in medical surgeries [1e3]. This
stems from their inherently high corrosion resistance, good
biocompatibility, and favorable mechanical properties [1,3e8]. Yet,
some serious problems, such as their higher Young's modulus
(110�120 GPa) compared to human bone (~30 GPa), the release of
toxic metallic ions and/or particles through corrosion (insufficient
chemical stability in the human body) remain to be solved
[1,3,9,10]. In this regard, many efforts have focused on the devel-
opment of new polycrystalline titanium alloys with improved
biological and biomechanical properties. Particularly b-type Ti-
alloys (e.g., Tie35Nbe4Sn, Tie34Nbe25Zr, Tie29Nbe13Tae4.6Zr)
r Ltd. This is an open access articl
containing only vital elements [1,11] have gathered great interest,
owing to their reduced Young's modulus (40�60 GPa) and self-
evident biological safety [3,12]. However, processing difficulties
have restrained their usefulness for dental implants.

Meanwhile, Ti-based bulk metallic glasses (BMGs) were also
considered as candidate materials for medical implants due to their
better mechanical properties, such as higher strength and lower
Young's modulus (2 GPa and 90 GPa, respectively), compared to
Tie6Ale4V (0.97 GPa and 115 GPa, respectively) [13,14]. It should be
mentioned that no Ti-based BMG alloys without Ni, Be or Cu [13]
are available until today. This stems from the fact that those alloy
systems exhibit deep eutectics, which generally favor a high GFA. In
such systems, the liquid state remains thermodynamically stable
down to lower temperatures. In other words, the energy difference
between the ordered and disordered states is very small at the
eutectic composition, and this results in a lower driving force for
the nucleation and growth of the crystalline phases [15]. As a
matter of fact, it becomes easier to obtain a glassy structure in
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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bigger dimensions, which enables BMG production. It is well-
known that Cu, Ni, and Be exhibit deep eutectics with Ti in their
binary phase diagrams [16], and for this reason, they become
indispensable if one strictly aims for a high GFA in order to produce
Ti-based BMGs. Accordingly, the largest critical diameter has been
reported to be over 50 mm for the Ti32$8Zr30$2Ni5$3Cu9Be22.7 and
Ti32$8Zr30$2Cu9Fe5$3Be22.7 BMG alloys [17,18].

Cu has been regarded for a long time as a highly cytotoxic
element, and it should be completely discarded from biocompatible
materials, which are essentially designed for long-term medical
implant applications [1,9,12,19e23]. This stems from the fact that
Cu imposes the risk of an inflammatory reactionwhen released into
the body fluids, and even an ion release down to 250 ppm can lead
to cytotoxicity effects [24]. This risk becomes quite pronounced for
implants with continuous contact with the body fluids under
substantial load. Harmful Cu ion release was also observed for
Ti40Zr10Cu36Pd14 BMG, emphasizing that the amorphous structure
of the alloy cannot mitigate the risk [25]. Moreover, alloying with
Cu in order to realize lower cooling rates for BMG production
jeopardizes the pitting corrosion resistance by destabilizing the
passive oxide layer, leading to its rupture [1,26e29]. For instance,
Ti40Zr10Cu36Pd14 BMG shows an inferior pitting corrosion resis-
tance in saline solution (0.9 wt% NaCl) as pitting occurs around 500
mV/SCE, while the Tie6Ale4V alloy exceeds 1600mV/SCE [30]. The
same BMG exhibits similar values (� 500 mV/SCE) in Hanks solu-
tion, whereas Tie6Ale4V reaches to more than 1000 mV/SCE.
Further, Ti45Zr10Cu31Pd10Sn4 BMG shows in Hanks' solution about
500 mV/SCE for the initiation of pitting [31,32]. The same BMG
depicts � 600 mV/Ag/AgCl in 1 wt% lactic acid and PBS aqueous
solutions [33]. This is a serious drawback since it undermines the
potential application of the alloy as a medical implant, leaving its
better mechanical properties as the sole advantage over conven-
tional crystalline alloys. Nevertheless, all Ti-based BMGs reported
in the literature contain Ni, Cu, or Be. Therefore, it is crucial to find
new glass-forming alloys without any toxic elements for the effi-
cient utilization of Ti-based metallic glasses in implant materials.
Obviously, there has to be a compromise between the GFA and the
biocompatibility/electrochemical stability of the alloy.

In this regard, there have been very few reports on truly
biocompatible Ti-based MGs, where all the alloy constituents are
specifically chosen from only biocompatible elements [1,11,34].
Until today Ti60Zr10Ta15Si15 in (TixZryTaz)85Si15 and Ti45Zr10Pd40Si5
in Ti45Zr50-xPdxSi5 systems [10,35]; Ti60Nb15Zr10Si15 [1]; Ti42Zr40-
Ta3Si15 in the (TixZryTaz)85Si15 system [4,9,29,36,37]; Ti42Zr40Sn3Si15
and Ti42Zr40Sn3Si10Ge5 [37]; Ti20Zr20Nb20Hf20Si20 and
Ti30Zr25Nb25Si15Ga3B2 MG alloys have been reported. Except for the
Ti20Zr20Nb20Hf20Si20 and Ti30Zr25Nb25Si15Ga3B2 MG alloys, which
are based on a high-entropy alloy design approach and thus contain
less titanium, all the reported Ti-based MG alloys can be classified
under TM-M (Transition metal e Metalloid) type metallic glasses.

In such systems, the glass-forming alloys generally consist of
75e85 at.% transition metals and 15e25 at.% metalloids [15]. They
commonly feature a deep eutectic around compositions of
15e25 at.% metalloids [15]. The TM and M contents of the alloy can
also be a mixture of different kinds of elements. The main purpose
of the metalloids is to lower the liquidus temperature (Tliq) of ti-
tanium. Nevertheless, none of the biocompatible elements [1,11]
render an effective reduction in Tliq of Ti as Cu, Ni, or Be do. As a
result, the achievable critical thickness of the amorphous structure
remains very limited. In other words, the GFA of the alloy is mar-
ginal. This is the reason why all the above-mentioned truly
biocompatible Ti-based MG alloys have been reported to be only in
ribbon form. On the other hand, their pitting corrosion resistance
and chemical stability are superior to any Ti-based BMG and
polycrystalline Ti-based dental alloys. In this sense, the alloying
2

with different PM elements up to modest (10 at.%) atomic fractions
may be worth the effort since these noble metals are biocompat-
ible, and they might also improve the GFA of the alloys [1].

From the GFA point of view, the 3 preciousmetal elements Pd, Pt
and Au have different merits. It is well-known that an alloy sub-
stituent should possess a large negative enthalpy of mixing with
the main alloy constituents [38], in our case, with Ti. Since
DHmix

ðTi�PtÞ ¼ � 73.698 kJ/mol, DHmix
ðTi�PdÞ ¼ � 63.939 kJ/mol and

DHmix
ðTi�AuÞ ¼ � 46.620 kJ/mol at equiatomic compositions [39], all

three elements are expected to improve the GFA. Regarding the
atomic radii mismatch, jrPd �rTij =rTi ¼ 0.059, jrPt �rTij=rTi ¼ 0.051
and jrAu �rTij =rTi ¼ 0.013 with titanium, which lies well below of
the 0.12 threshold for a high GFA as suggested by Inoue [1,38]. On
the other hand, they all decrease the Tliq (1943 K) of Ti, and the
eutectic temperatures of TiePd, TiePt and TieAu are 1393 K,1583 K
and 1640 K, respectively [16]. From the aspect of GFA, one can refer
to our recent study [34] to seewhy the remaining alloy constituents
Zr, Si and B are chosen in our alloy design strategy.

In this study, we aim to develop new biocompatible Ti-based
metallic glasses with excellent corrosion resistance and evaluate
their GFA and mechanical properties. In this context, we present
four new inherently biocompatible Ti-based MG compositions free
of toxic elements, alloyed with PMs in varying atomic fractions,
namely Ti60Zr15Si10B5Pd10, Ti60Zr15Si10B5Pt10, Ti60Zr15Si10B5Pd5Pt5
and Ti60Zr15Si10B5Pd5Au5, which can be synthesized in the form of
amorphous ribbons.

2. Experimental procedures

2.1. Sample preparation

Master alloys with nominal compositions (at.%) Ti60Zr15-
Si10B5Pd10, Ti60Zr15Si10B5Pt10, Ti60Zr15Si10B5Pd5Pt5, and Ti60Zr15-
Si10B5Pd5Au5 were prepared by arc melting elemental Ti (99.99%),
Zr (99.95%), Si (99.4%), B (99.4%), Pd (99.9%), Pt (99.9%) and Au
(99.99%) under a Zr-gettered high-purity Ar (99.999%) atmosphere.
The alloy ingots were flipped and remelted five times for homog-
enization. Melt spinning of the ribbons was performed under the
high-purity Ar atmosphere after flushing the vacuum chamber of
themelt spinner twice with Ar and going down to a vacuum level of
� 3.10�6 mbar. The velocity of the copper wheel was kept constant
at 31.4 m/s (the first five quenchings) at an ejection temperature
range of 100 K for each alloy, prior to the last quenching performed
at 23.5 m/s. The initial melt spinning experiments conducted at
31.4 m/s wheel speed resulted in a ribbon thickness of � 33 ± 3 mm
for Ti60Zr15Si10B5Pd10, � 32 ± 3 mm for Ti60Zr15Si10B5Pt10, �
32 ± 3 mm for Ti60Zr15Si10B5Pd5Pt5, � 32 ± 2 mm for Ti60Zr15-
Si10B5Pd5Au5 and � 32 ± 2 mm for Ti60Zr20Si8Ge7B3Sn2 alloys. At
23.5 m/s wheel speed performed experiments yielded a ribbon
thickness of � 45 ± 2 mm for Ti60Zr15Si10B5Pd5Pt5 and � 43 ± 3 mm
for Ti60Zr15Si10B5Pd10. Finally, from a new master alloy of Ti60Zr15-
Si10B5Pd5Pt5, a ribbon thickness of � 51 ± 4 mm was obtained at
15.7 m/s wheel speed. The produced ribbons are quenched using
quartz crucibles.

2.2. Structural, thermal, and electrochemical characterization

The as-spun ribbons were subjected to X-ray diffraction (XRD)
analysis to ascertain their amorphous structure. These measure-
ments were performed in reflection configuration (D2 phaser e

Bruker) using Co-Ka (l ¼ 1.78897 Å) radiation. A differential
scanning calorimeter (DSC) was used to determine the glass tran-
sition (Tg) and crystallization (Tx) temperatures of the amorphous
ribbons. The tests were conducted using a Netzsch DSC 404 F1



Fig. 1. High-temperature DSC scans of melt-spun amorphous ribbons recorded at a
heating rate of 20 K/min and the glass transition temperatures (Tg), the crystallization
onset temperatures (Tx1 and Tx2) of the studied alloys. The insets represent the zoomed
regions of the corresponding alloys (regions shown by dashed boxes).

Table 1
Thermal properties (DTx ¼ Tx1 e Tg), Tg ¼ glass transition temperature,
Tx1 ¼ crystallization onset temperature, and ejection temperatures (Teject) of the
investigated alloys. The error limit of the DSC is about ±2 K.

Alloy Tg [K] Tx1 [K] DTx [K] Teject [K]

Ti60Zr15Si10B5Pd10 739 781 42 1753
Ti60Zr15Si10B5Pt10 852 897 45 1791
Ti60Zr15Si10B5Pd5Pt5 757 818 61 1808
Ti60Zr15Si10B5Pd5Au5 776 826 50 1833
Ti60Zr20Si8Ge7B3Sn2 830 852 22 1823

E. Yüce, F. Spieckermann, A. Asci et al. Materials Today Advances 19 (2023) 100392
Pegasus device under high purity (99.999%) Ar atmosphere at
constant heating and cooling rates of 20 K/min.

For electrochemical characterization, an aqueous Ar-aerated
0.9 wt% NaCl solution was used in this study. The electrochemical
measurements were conducted in a three-electrode glass cell at
310 K using a Pt counter electrode (0.5 mm diameter) and a refer-
ence electrode of Ag(s)/AgCl(s) containing an ion-permeable
porous glass junction with 3 M NaCl electrolyte that has a redox
potential of þ0.195 V (at room temperature) vs. a reference
hydrogen electrode. As the working electrode, parts of the ribbons
with an area of 1 ± 0.1 cm2 were immersed into the electrolyte. The
electrochemical measurements were performed with a Gamry
Interface 1010 E Potentiostat/Galvanostat/ZRA. Before the electro-
chemical tests, open circuit potential (OCP) was applied for 3600 s
to confirm the stabilization of the working electrode/electrolyte
interface. Electrochemical impedance spectroscopy (EIS) studies
were conducted at OCP at an AC amplitude of 10 mV recorded from
100,000 Hz to 0.01 Hz before the polarization study. Cyclic polari-
zation was implemented at a scan rate of 1 mV s�1 for forward and
reverse scans. The forward scan started from �0.3 V vs. OCP and
stopped at þ1.5 V vs. Ag/AgCl or when the current density reached
0.01 A cm�2. The reverse scan rate was 1 mV s�1 and stopped at 0 V
vs. OCP. At least three tests were performed for each composition
and electrolyte for statistical information. The surface of the rib-
bons were analyzed by scanning electron microscopy (SEM, Tescan
MAGNA) using a voltage of 20 kV.

2.3. Synchrotron XRD

In-situ synchrotron X-ray diffractionwas performed at the P02.1
beamline of PETRA III at DESY, Hamburg using a Varex XRD 4343CT
(150 � 150 mm2 pixel size, 2880 � 2880 pixel area) detector with a
photon energy of 60.0 keV in transmission setup. The beam size
was 900 mm, and the sample-to-detector distance was 0.33 m. The
diffraction patterns were carefully calibrated using an Al2O3 refer-
ence (NIST 674a), and the pyFAI software [40] was used for
azimuthal integration. Full azimuthal integration was used to
collect the integral geometric information about the sample.

2.4. Microhardness measurements

Vickers microhardness measurements of the as-spun ribbons
were conducted with a microhardness tester (Zwick/Roell, EMCO-
TEST DURASCAN) using a load of 25 mg and 10 s holding time.
Nine tests were performed for each alloy composition for statistical
purposes. For improved accuracy, the indents were examined by
scanning electron microscopy (TESCAN MAGNA).

3. Results and discussion

3.1. Thermal properties

Fig. 1 Shows the continuous-heating DSC scans of the novel as-
spun metallic glass ribbons along with the previously reported [34]
Ti60Zr20Si8Ge7B3Sn2 alloy. A two-stage crystallization event is
observed for all alloys. In order to verify whether the relatively
small heat releases of Ti60Zr15Si10B5Pd10 and Ti60Zr15Si10B5Pt10 are
actually stemming from the first stages of their crystallization be-
haviors, the isochronal DSC scans were performed for both alloys
and the annealed samples were tested by XRD analysis. The results
are depicted in Fig. S2. In general, the DSC scans of the alloys do not
look much different from the Ti60Zr20Si8Ge7B3Sn2 alloy; however,
they present distinctly separated exothermic peaks. The novel al-
loys with sole Pd or Pt additions show opposite characteristics. The
Ti60Zr15Si10B5Pd10 alloy has a clearly lower crystallization
3

temperature (Tx1 ¼ 781 ± 2 K), and its peaks are located at lower
temperatures, contrary to the crystallization behavior of Ti60Zr15-
Si10B5Pt10. This difference might be related to the deeper eutectic
temperature of Pd with Ti.

Conversely, upon sole Pt addition, Tx1 ¼ 897 ± 2 K of Ti60Zr15-
Si10B5Pt10 reaches the highest value of the studied alloys. As ex-
pected, Tx1 ¼ 818 ± 2 K of the Ti60Zr15Si10B5Pd5Pt5 alloy is located
between these two; however, the effect of Pd seems to be domi-
nant, as this alloy still exhibits the second-lowest Tx1 of the
investigated alloys. For Ti60Zr15Si10B5Pd5Au5, Tx1¼826 ± 2 K, which
is slightly higher than that of Ti60Zr15Si10B5Pd5Pt5, might result
from the higher eutectic temperature of Au with Ti. The glass
transition temperatures (Tg) and the calculated extensions of the
supercooled liquid regions (SCLR ¼ DTx ¼ Tx1eTg) are presented in
Table 1. It should be mentioned that because of the very noisy DSC
signal at elevated temperatures, Tliq cannot be observed for the
studied alloys. This results from the unavoidable reaction between
the alloys and the crucible material of the DSC device [41]. There-
fore, a commonly used important thermal indicator of the GFA, the
reduced glass transition temperature (Trg ¼ Tg/Tliq) cannot be
determined.

Table 1 reveals that the Ti60Zr15Si10B5Pd5Pt5 alloy yields the
widest SCLR (¼ DTx), whereas the Ti60Zr20Si8Ge7B3Sn2 alloy
without any PM addition presents a substantially narrower region.
Moreover, all of the novel alloys appear to possess much wider
SCLRs compared to the previously reported Ti60Zr20Si8Ge7B3Sn2
alloy. In general, this indicates an increased GFA [15,38]. However,
none of the ascertained Tg values, which are determined with the
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last endothermic bumps prior to the crystallization peaks, is suffi-
ciently distinct to be observed with the naked eye, and they can
only be detected using a thermal analysis software (determined Tg
values of the remaining alloys are presented in Fig. S1.). Thus, rather
than comparing the DTx values of individual alloys, it is valid to
state that there is an increasing trend in GFA upon PM addition.

Recently, Cai et al. [42] have shown that the conventional
temperature window for the thermoplastic net-shaping (TPN)
could be extended over Tx1, and the accompanying nano-
crystallization does not undermine the mechanical properties and
the chemical stability of the Ti40Zr10Cu34Pd14Sn2 BMG-forming
alloy. When the processing temperature is increased, the viscosity
decreases, and the implementation of the micro-scaled hierarchical
structures becomes feasible. Through the extended temperature
window, along with Tg, also the first crystallization peak disappears
from the DSC trace of the alloy, and this happens despite the
relatively large ratio between the crystallization enthalpies of peak-
1 and the sum of peak-2 and peak-3, which is 0.283. In this work,
however, the ratios between the first and main (second) crystalli-
zation peaks liewell-below the value of 0.215 for Ti60Zr15Si10B5Pd10,
0.131 for Ti60Zr15Si10B5Pt10, 0.159 for Ti60Zr15Si10B5Pd5Pt5, and
finally 0.157 for Ti60Zr15Si10B5Pd5Au5. Therefore, it can be expected
that the nanocrystallization products of peak-1 would be even less
relevant for the studied alloys, and this might provide a larger
temperature interval for the planned consolidation and/or TPN of
the amorphous ribbons in the future.
3.2. Structural properties

Fig. 2 depicts the obtained synchrotron XRD patterns of the as-
spun ribbons. The patterns of the conventional X-ray diffraction in
reflection configuration are also presented in Fig. S3. The numbers
on the diffraction patterns show the scattering vector (¼q) posi-
tions of the diffraction maxima of the corresponding alloys,
revealing that these maxima shift to higher q values (or 2q angles,
because q ¼ 4p� sin

�2q
2

�
=l, where l is the X-ray wavelength) upon

PM alloying. Since the position of the diffraction maximum is
inversely related to the average radius of the first coordination shell
[43,44], it can be stated that the average first neighbor atomic
Fig. 2. FWHM (Dq) values obtained from synchrotron XRD patterns. The magnitudes of
Dq have been determined by applying a nonlinear Voigt fitting function to the syn-
chrotron diffraction maxima of each alloy. The numbers on the left designate the q
positions of the diffraction maxima of the corresponding alloys.
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distance decreases upon alloying with PMs. While the new alloys
contain more Si and B, the overall M fraction is reduced to 15 at.% at
the expense of Ge atoms. Among M elements, Ge has the least
atomic radius difference with Ti atoms, as jrGe �rTij=rTi is only 0.151,
while jrSi �rTij =rTi ¼ 0.211 and jrB �rTij =rTi ¼ 0.439 [45]. Further-
more, jrZr �rTij =rTi ¼ 0.096, jrPd �rTij =rTi ¼ 0.059, jrPt �rTij=rTi ¼
0.051 and jrAu �rTij =rTi ¼ 0.013 [1]. Sn, on the other hand, yields
jrSn �rTij =rTi ¼ 0.081 but it is excluded from the new alloy com-
positions. Namely, it can be stated that PM alloying was performed
at the expense of Zr, Ge and Sn atoms.

According to these values, an overall decrease in the mean
atomic bond length is not surprising since 5 at.% Zr (0.096), 7 at.%
Ge (0.151) and 2 at.% Sn (0.081) are replaced with 2 at.% Si (0.211),
2 at.% B (0.439) and varying (10 at.%) PM (Pd ¼ 0.059, Pt ¼ 0.051,
Au ¼ 0.013) additions. Hence, for Ti60Zr15Si10B5Pd10, Ti60Zr15-
Si10B5Pt10 and Ti60Zr15Si10B5Pd5Pt5 alloys, a denser disordered
atomic structure is achieved easily, as these alloy compositions
maintain an increased atomic size distribution. Even for Ti60Zr15-
Si10B5Pd5Au5, whose atomic size distribution is slightly narrower
than that for the Ti60Zr20Si8Ge7B3Sn2 alloy, the overall bond length
appears to be shortened. This should be related to the absence of
repelling atomic pairs, such as DHmix

ðSn�BÞ ¼ 17.78 kJ/mol, DHmix
ðGe�BÞ ¼

11.48 kJ/mol and DHmix
ðSn�SiÞ ¼ 6.34 kJ/mol (at equiatomic composi-

tions) [39] in the alloys with PM substitutions.
The alloy with the densest atomic structure (q ¼ 27.175 nm�1)

seems to be Ti60Zr15Si10B5Pt10. This can be explained by the largest
negative enthalpy of mixing between TiePt and ZrePt atomic pairs
(DHmix

ðTi60�Pt10Þ ¼ � 34.84 kJ/mol; DHmix
ðZr15�Pt10Þ ¼ � 91.495 kJ/mol)

compared to those of TiePd and ZrePd (DHmix
ðTi60�Pd10Þ ¼ � 30.074 kJ/

mol; DHmix
ðZr15�Pd10Þ ¼ � 83.355 kJ/mol). Moreover, jrPt �rTij=rTi ¼

0.051, which is the second-largest mismatch after jrPd �rTij =rTi ¼
0.059. However, these assumptions do not hold for the Ti60Zr15-
Si10B5Pd10 alloy, although it renders the second-largest negative
mixing enthalpies and the widest atomic size distribution. Sur-
prisingly, Ti60Zr15Si10B5Pd10 is the least dense alloy among the PM-
alloyed compositions. This points out that even upon alloying with
two similar PM atoms, which results in large negative mixing en-
thalpies with other alloy constituents and shows roughly the same
atomic radius mismatch, the resulting short-range order of the
glassy structure is relatively different in the case of Ti60Zr15-
Si10B5Pd10 and Ti60Zr15Si10B5Pt10.

The second-densest alloy seems to be Ti60Zr15Si10B5Pd5Pt5. This
composition also includes the PM atoms with relatively large
(DHmix

ðTi60�Pt5Þ ¼ � 20.073 kJ/mol and DHmix
ðTi60�Pd5Þ ¼ � 17.305 kJ/mol;

DHmix
ðZr15�Pt5Þ ¼ � 68.626 kJ/mol and DHmix

ðZr15�Pd5Þ ¼ � 62.398 kJ/mol)

negative mixing enthalpies. Moreover, a wide atomic size distri-
bution is realized through jrPd �rTij =rTi ¼ 0.059 and jrPt �rTij=rTi ¼
0.051. Finally, when Pt and Pd are alloyed simultaneously, due to
their positive enthalpy of mixing (DHmix

ðPt5�Pt5Þ ¼ 1.923 kJ/mol), they

repel each other. Therefore, besides its smaller negative heats with
main alloy constituents, the introduction of a positive mixing
enthalpy makes the Ti60Zr15Si10B5Pd5Pt5 less dense than the
Ti60Zr15Si10B5Pt10 alloy. As expected, the third-densest alloy is
Ti60Zr15Si10B5Pd5Au5. Since DHmix

ðTi60�Au5Þ ¼ � 13.102 kJ/mol and

DHmix
ðTi60�Pd5Þ ¼ � 17.305 kJ/mol and also DHmix

ðZr15�Au5Þ ¼ � 51.346 kJ/

mol and DHmix
ðZr15�Pd5Þ ¼ � 62.398 kJ/mol are smaller than those of

Ti60Zr15Si10B5Pd5Pt5, it is not surprising that Ti60Zr15Si10B5Pd5Au5
alloy renders a less densely packed atomic structure in comparison
to Ti60Zr15Si10B5Pd5Pt5. Additionally, it also contains a repelling

atomic pair of PdeAu with DHmix
ðPd5�Au5Þ ¼ 0.116 kJ/mol and a
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narrower atomic size distribution of jrPd �rTij =rTi ¼ 0.059 and
jrAu �rTij=rTi ¼ 0.013 compared to those of Ti60Zr15Si10B5Pd5Pt5
with jrPd �rTij =rTi ¼ 0.059 and jrPt �rTij=rTi ¼ 0.051.

Recently, a simple but very effective Dq e GFA correlation (q ¼
4p� sin

�2q
2

�
=l, where q is the scattering vector and l is the X-ray

wavelength) for individual ternary alloy libraries, was proposed by
Li et al. [46]. They discovered a direct relation between the full-
width at half-maximum (FWHM) of the first broad diffuse
maximum (Dq) and the GFA of the alloy. In general, a broader
diffuse maximum suggests better GFA and vice versa. This relation
is so powerful that they even discovered two novel ternary BMGs
using the data obtained from the sputteredmetallic glass thin films.
By evaluating theDq values of the thin films, they reported two new
BMG-forming alloys (Zr43Cu50Cr7 and Ir20Co40Ta40) and an
improved critical diameter for the ZreCueAl system. In this sense,
we determined the FWHM values of the studied alloys to make a
structural GFA comparison. The Dq magnitudes of the broad
diffraction maxima were deduced from the synchrotron X-Ray
diffraction patterns using a nonlinear Voigt fitting function. The
magnitudes of Dq are presented in Fig. 2.

The Dq values reveal that the Ti60Zr15Si10B5Pd5Pt5 and Ti60Zr15-
Si10B5Pd10 alloys have a distinctively higher GFA compared to the
other ones, and the alloy with the lowest GFA is the composition
without any PM additions. Additionally, the Ti60Zr15Si10B5Pd5Pt5
and Ti60Zr15Si10B5Pd10 alloys are particularly easy to quench and
yield the best results during the melt spinning process. That means
the first fivemelt spinning experiments (at 31.4 m/s wheel velocity)
conducted at different ejection temperatures (in a range of 100 K)
generated amorphous ribbons. Moreover, for the Ti60Zr15-
Si10B5Pd5Pt5 alloy, it was possible to achieve an amorphous state at
a lower copper wheel speed of 23.5 m/s from the samemaster alloy,
again pointing out its improved GFA (See Fig. S4). On the other
hand, the ribbon spun at 23.5 m/s for the Ti60Zr15Si10B5Pd10 alloy
yields an amorphous structure on its wheel-surface, while the free-
surface turned up to be slightly crystallized. Later, an amorphous
ribbonwith a thickness of� 51± 4 mm (See Fig. S4) was successfully
produced at 15.7 m/s wheel speed from a new master alloy of
Ti60Zr15Si10B5Pd5Pt5.

Apparently, Pd atoms play a significant role in preserving the
disordered structure, either as the sole PM source or mixed up with
Pt or Au. On the other hand, compared to Pt, Pd atoms exhibit
smaller negative mixing enthalpies with the other alloy constitu-
ents, except the slightly larger one with Si (DHmix

ðTi60�Pt10Þ ¼ �
34.84 kJ/mol and DHmix

ðTi60�Pt5Þ ¼ � 20.073 kJ/mol; DHmix
ðTi60�Pd10Þ ¼ �

30.074 kJ/mol and DHmix
ðTi60�Pd5Þ ¼ � 17.305 kJ/mol; DHmix

ðPt10�B5Þ ¼ �
31.059 kJ/mol and DHmix

ðPt5�B5Þ ¼ � 37.469 kJ/mol; DHmix
ðPd10�B5Þ ¼ �

27.718 kJ/mol and DHmix
ðPd5�B5Þ ¼ � 33.365 kJ/mol; DHmix

ðPt5�Si10Þ ¼ �
43.644 kJ/mol and DHmix

ðPt10�Si10Þ ¼ � 48,796 kJ/mol; DHmix
ðPd5�Si10Þ ¼ �

44.231 kJ/mol and DHmix
ðPd10�Si10Þ ¼ � 49.576 kJ/mol; DHmix

ðPt5�Zr15Þ ¼ �
68.626 kJ/mol and DHmix

ðPt10�Zr15Þ ¼ � 91.495 kJ/mol; DHmix
ðPd5�Zr15Þ ¼ �

62.398 kJ/mol and DHmix
ðPd10�Zr15Þ ¼ � 83.355 kJ/mol) [39].

Even though Ti60Zr15Si10B5Pt10 renders the densest atomic
structure (see Fig. 2), the largest negative heat of mixing between
the alloy constituents do not promote the GFA since this alloy has
the smallest Dq value among those with PM additions. This may
result from the significantly higher melting temperature and
heavier atomic weight of Pt compared to Pd. It should also be
considered that Pd yields amore effective reduction inTliq of Ti than
Pt (the eutectic temperatures of TiePd and TiePt are 1393 K and
1583 K, respectively). This should contribute to the stabilization of
the glass-forming liquid since alloying with Pd atoms lowers the
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relative Gibbs free energy of the glass more than Pt atoms do [15].
Furthermore, the atomic size mismatch between TiePd and ZrePd
is larger than for TiePt and ZrePt. Therefore, the lower GFA of
Ti60Zr15Si10B5Pt10 compared to Ti60Zr15Si10B5Pd10 seems reasonable
from thermodynamical and topological aspects.

The alloy with the highest GFA, namely Ti60Zr15Si10B5Pd5Pt5,
possesses equal amounts of Pd and Pt, and according to the syn-
chrotron XRD data, it has a slightly larger Dq than Ti60Zr15-
Si10B5Pd10. Since Ti60Zr15Si10B5Pt10 holds the lowest GFA among the
alloys with PM additions, this result seems to contradict this at first
glance. However, as mentioned before, alloying with Pt has its own
merits, such as the largest negative heats with Ti, Zr and B. Besides,
it increases the entropy of the alloy by making the crystallization
more complex. On a broader scale, when PM atoms are alloyed
simultaneously, the number of potentially repelling atomic pairs
increases. For instance, the Ti60Zr15Si10B5Pd10 and Ti60Zr15Si10B5Pt10
alloys include only SieB pairs with a slightly positive mixing
enthalpy of 2.693 kJ/mol at a 0.666-mol fraction of Si. However, for
the Ti60Zr15Si10B5Pd5Pt5 alloy, the number of potentially repelling
atomic pairs increases to two, simply because of the PdePt pair
with DHmix

ðPd�PtÞ ¼ 1.923 kJ/mol at 0.5-mol fraction. This also explains

its less densely packed atomic structure, even though it exhibits the
highest GFA.

From this aspect, it makes sense that Ti60Zr15Si10B5Pd5Au5

shows even a lower packing density, owing to DHmix
ðAu�PdÞ ¼ 0.116 kJ/

mol at 0.5-mol fraction and also substantially smaller negative
mixing enthalpies of Au with other components, which also ex-
plains its second-lowest GFA amongst the PM-alloyed composi-
tions. In this sense, alloying with Au seems to have a clear
disadvantage over Pd and Pt regarding its highest eutectic tem-
perature and smaller negative mixing enthalpies with Ti, Zr, Si and
B. Moreover, Au yields the smallest atomic radius mismatch with Ti
[11], which is also undesired for a high GFA [38]. Indeed, during our
melt spinning experiments, it was not possible to obtain a fully
amorphous structure from the master alloys with the compositions
of Ti60Zr15Si10B5Au10 and Ti60Zr15Si10B5Pt5Au5.

To summarize, there is no direct correlation observed between
the atomic packing density and the GFA. The alloys with sole PM
addition (Ti60Zr15Si10B5Pd10 and Ti60Zr15Si10B5Pt10) are the loosest
and the densest (latter) and Pd addition greatly promotes the GFA
of the alloys. On the other hand, 10 at.% Pt alloying results in the
lowest GFA of PM-alloyed compositions. Meanwhile, alloying with
Pd does not result in a closely-packed atomic structure, unlike Pt,
but it greatly enhances the GFA. Bearing in mind that Ti60Zr15Si10-
B5Au10 and Ti60Zr15Si10B5Pt5Au5 amorphous alloys could not be
obtained at all, and Ti60Zr15Si10B5Pt10 yields the lowest GFA of the
PM-alloyed compositions, the pronounced GFA of Ti60Zr10-
Si10B5Pd5Pt5 and Ti60Zr15Si10B5Pd10 alloys and the achievement of
Ti60Zr10Si10B5Pd5Au5 emphasizes the positive effect of Pd on the
GFA.
3.3. Microhardness measurements

Representative SEM images of the conducted microindentation
tests are presented in Fig. 3. The measured microhardness and

estimated compressive yield strength (sy ¼ Hv�g0
3 ; g0 ¼ 9:81 m=s2)

[47] values of the studied alloys are listed in Table 2. It is well-
known that hardness and strength values are strongly dependent
on alloy composition and are directly associated with the average
atomic bond strength due to the lack of crystal defects in amor-
phous alloys [48]. Thus, it can be expected that the hardness should
be related to Tg or elastic moduli, as these are also physical pa-
rameters determined by the atomic cohesive energy [15]. Indeed,



Fig. 3. Microindentation imprints on the as-spun Ti60Zr15Si10B5Pd10 amorphous ribbon.

Table 2
Measured microhardness and estimated compressive yield strength (sy ¼ Hv � g0

3
;

g0 ¼ 9:81m=s2) of the as-spun amorphous ribbons.

Alloy Hardness [Hv] sy [MPa]

Ti60Zr15Si10B5Pd10 714 ± 8 2335 ± 26
Ti60Zr15Si10B5Pt10 864 ± 14 2825 ± 46
Ti60Zr15Si10B5Pd5Pt5 766 ± 11 2505 ± 36
Ti60Zr15Si10B5Pd5Au5 816 ± 7 2668 ± 23
Ti60Zr20Si8Ge7B3Sn2 825 ± 11 2698 ± 36
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the order of the microhardness test results coincides with the order
of the deduced Tg values.

The hardest and the softest alloys are Ti60Zr15Si10B5Pt10 and
Ti60Zr15Si10B5Pd10, respectively. Alloys with the highest GFA,
namely Ti60Zr15Si10B5Pd10 and Ti60Zr15Si10B5Pd5Pt5, are signifi-
cantly softer than the others. Interestingly, the PM-alloys with the
lowest GFA, i.e., Ti60Zr15Si10B5Pt10 and Ti60Zr15Si10B5Pd5Au5, render
substantially higher hardness values. The hardest alloy, Ti60Zr15-
Si10B5Pt10, which also shows the densest atomic structure, is
probably so hard due to its pronounced negative enthalpy of mixing
values with the main alloy constituents of Ti, Zr and Si, which in
turn points to the strongest bond strength.

However, this assumption does not hold for Ti60Zr15Si10B5Pd10.
This is the least dense alloy with considerably large negative heat of
mixings, but it turns out to be the softest one as well. Considering
that Pd has a lower bulk modulus and hardness compared to Pt, its
introduction into the alloy might be the reason for the lowest
hardness value of this composition. Another contributor might be
the difference between the short-range order of Ti60Zr15Si10B5Pd10
and Ti60Zr15Si10B5Pt10. Both Pd and Pt preferably make bonds with
Zr and Si, followed by B and Ti. Similarly, for Ti, the largest negative
mixing enthalpies are again with Pd and Pt, followed by Si and B.
That is, Ti60Zr15Si10B5Pt10 and Ti60Zr15Si10B5Pd10 do not differ by
means of their bonding preference. Nevertheless, even though Pd
and Pt are considered to be topologically equal in structural models,
the differences in their electronic structure and also mixing en-
thalpies with the main alloy constituents lead to significant
changes in atomic clusters [49]. For the Ti60Zr15Si10B5Pd10 alloy, the
lowest hardnessmay be related to a short-range order, inwhich the
adjacent atomic clusters are connected via non-directional metallic
bonds with high mobility. Concurrently, the atomic clusters in
Ti60Zr15Si10B5Pt10 should be connected through directional
PM�Metalloid covalent bonds. For the second-softest Ti60Zr15-
Si10B5Pd5Pt5 alloy, the Vickers hardness value is relatively lower
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than that of Ti60Zr15Si10B5Pt10, highlighting the strong softening
effect of Pd, even when it is alloyed with Pt concomitantly.

For the Ti60Zr15Si10B5Pd5Au5 alloy, the Vickers-microhardness
tests give interesting results. Even though this alloy contains
softer Pd and the softest Au, it is moderately harder than Ti60Zr15-
Si10B5Pd10 and Ti60Zr15Si10B5Pd5Pt5. Moreover, this alloy is the one
with the lowest average bond strength, and it exhibits a loosely
packed atomic structure. In other words, its structural properties
are opposite to those of Ti60Zr15Si10B5Pt10, yet together they are the
hardest PM-alloys. This might be related to the smallest negative
mixing enthalpies of Au with the other elements in the composi-
tion. Unlike Pt and Pd, whose bonding preferences follow the same
order, Au cannot bind to Zr, since all of the Zr atoms would be
already occupied by 10 at.% Si and 5 at.% Pd in Ti60Zr15Si10B5Pd5Au5.
This probably has an impact on the short-range order of the alloy,
which might even induce local segregation in the atomic structure.
Still, the dependency of hardness on the alloy compositions is not
clearly understood, and some results are controversial. Further
structure investigations for clarifying the details of short- and
medium-range order of the different alloys are underway, but this
is beyond the scope of the present paper.
3.4. Corrosion properties

Fig. 4. (a) shows the polarization behavior of the developed PM-
containing Ti-based MG ribbons. The corrosion current density,
Jcorr, the corrosion potential, Ecorr, and the anodic, ba, and cathodic,
bc, beta constants are determined by Tafel extrapolation and pro-
vided in Table 3. The smallest Jcorr is attained with the Pd5Pt5
addition (1.02 � 10�8 A cm�2), where this value is several times
smaller than for the other investigated alloy compositions. The
theoretical density, r, and equivalent weight, EW, of the considered
alloys are calculated using the equations in Ref. [50]. The average
annual corrosion rate (ACR) of the samples is calculated using Eq.
(1). And the results are presented in Table 3:

ACR¼3:27� Jcorr � EW
r

(1)

The Ti60Zr15Si10B5Pd5Pt5 alloy exhibits the smallest ACR of
0.141 ± 0.005 mm yr�1, which is several times smaller compared to
that of the Pd10-and Pt10-bearing counterparts. On the other hand,
Ti60Zr15Si10B5Pd5Au5 shows the highest corrosion rate (followed by
Ti60Zr15Si10B5Pd10), which results in inhomogeneous and micro-
scale pitting on the surfaces of the alloys. As depicted by SEM



Fig. 4. (a) Forward potentiodynamic polarization scans of the Ti-based MG ribbons at a scan rate of 1 mV s�1. The potential is given vs. Ag/AgCl reference electrode. (b) Nyquist, (c)
Bode magnitude and (d) Bode phase plots of the examined compositions at their open-circuit potentials. All the tests were performed in 0.9 wt% NaCl solution at 37 �C. The
measured data was simulated by R(QR) circuit, and the simulation results are depicted by short dash lines in (b).

Table 3
Corrosion properties of different Ti-based MG compositions. r: theoretical density, EW: equivalent weight, Jcorr: corrosion current density, Ecorr: corrosion potential, ba: anodic
beta constant, bc: cathodic beta constant, ACR: annual corrosion rate.

Composition r [g cm�3] EW Jcorr [A cm�2] Ecorr [V vs Ag/AgCl] ba bc ACR [mm yr�1]

Ti60Zr15Si10B5Pd10 5.22 22.11 1.97 � 10�8 �0.217 0.203 0.207 0.273
Ti60Zr15Si10B5Pt10 6.027 25.59 3.35 � 10�8 �0.165 0.527 0.331 0.465
Ti60Zr15Si10B5Pd5Pt5 5.624 23.85 1.02 � 10�8 �0.230 0.130 0.085 0.141
Ti60Zr15Si10B5Pd5Au5 5.604 23.43 1.04 � 10�7 �0.246 0.332 0.177 1.422
Ti60Zr20Si8Ge7B3Sn2 4.927 20.57 1.85 � 10�8 �0.188 0.196 0.161 0.253
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images in Fig. 5. (a) and (b), the apparent pitting corrosion related
damage is much larger for Ti60Zr15Si10B5Pd5Au5 compared to
Ti60Zr15Si10B5Pd10, in accordance with the difference in their ACR.

The electrochemical impedance spectroscopy measurements
recorded before the polarization tests at open circuit potential
corroborate that incorporation of Pt can enhance the metal-
electron interactions, as deduced from the relatively smaller
semicircles in the Nyquist plot (Fig. 4 (b)) and the lowest jZj in the
whole frequency range (down to � 10 U cm2 at 100 kHz, Fig. 4 (c))
in the Bode magnitude plot. The EIS plots were fitted by a suitable
R(QR) circuit, where the simulation results represented by short
dashed lines in Fig. 4 (b) show a good match with the experimental
data for all the samples.

The Bode phase plot in Fig. 4 (d) delineates an interesting drop
in the Pd5Pt5-bearing sample at the mid-frequency range
(1e100 Hz), indicating a relatively less-capacitive behavior and a
high potential of metal-ion interactions in the beginning [51].
Hence, the larger and more stable passive oxide layer can be
accounted for by the higher electron and ion interactions of the
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samples with active Pd5Pt5-and Pt10-bearing surfaces.
The EIS data presented in Fig. 4bed is fitted by the most suitable

equivalent circuit model, R(QR), with acceptable chi-squared values
and parameter errors (Table 5). The solution resistance Rs ranges
between 10.3 and 34.53, marginally influencing the overall results.
The double-layer capacitance parameter Y of the constant-phase
element (CPE) is slightly higher for Pt10 and Pd5Pt5 containing al-
loys which can be related to the higher ionic accumulation, which
also enhances the electron transfer as understood from the
decrease in charge-transfer resistance R. The double-layer capaci-
tance exponent n of the CPE is higher than 0.9, confirming the
reliability of fitting [52]. A direct correlation between the CPEs and
Cdl are provided in Ref. [53]. The ion and electron interactions be-
tween the samples and electrolytes are highly correlated with the
surface composition. Our X-ray photoelectron spectroscopy inves-
tigationwith a representative Ti60Zr15Si10B5Pd10 sample shows that
there are significant amounts of oxides, i.e., TiO2, ZrO2 and PdOwith
a possibility of CeO, CeOH and SieO interactions provided in
Table 6. Similarly, the other samples are expected to form oxides of



Fig. 5. SEM micrographs of the (a) Ti60Zr15Si10B5Pd5Au5, (b) Ti60Zr15Si10B5Pd10, (c) Ti60Zr15Si10B5Pt10 and (d) Ti60Zr15Si10B5Pd5Pt5 amorphous ribbons obtained after the polarization
tests. The alloys with the low corrosion resistance, Ti60Zr15Si10B5Pd5Au5 and Ti60Zr15Si10B5Pd10 exhibit micro-scale pitting (aeb), while the apparent pitting damage on Ti60Zr15-
Si10B5Pd10 is considerably smaller. Concurrently, both Ti60Zr15Si10B5Pt10 and Ti60Zr15Si10B5Pd5Pt5 show no pitting event (ced) after the polarization tests.

Table 4
Passivation and pitting corrosion of different Ti-based MG compositions. Jpass: passivation current density, Epit: pitting potential, Erp: repassivation potential, hpit: passivation
domain, zrp: repassivation domain.

Composition Jpass [A cm�2] Epit [V vs Ag/AgCl] Erp [V vs Ag/AgCl] hpit (V) [Epit e Ecorr] zrp (V) [Erp e Ecorr]

Ti60Zr15Si10B5Pd10 2.52 � 10�6 0.422 0.266 0.639 0.483
Ti60Zr15Si10B5Pt10 4.84 � 10�6 1.358 1.392 1.523 1.557
Ti60Zr15Si10B5Pd5Pt5 4.77 � 10�6 1.406 1.435 1.582 1.611
Ti60Zr15Si10B5Pd5Au5 3.39 � 10�7 0.639 0.353 0.393 0.107
Ti60Zr20Si8Ge7B3Sn2 3.92 � 10�6 1.277 0.787 1.465 0.975

Table 5
Fitting of the EIS data by Rs (Q1R1) equivalent circuit model. Rs: solution resistance, Y: double-layer capacitance parameter of CPE, n: double-layer capacitance exponent of CPE,
R: charge-transfer resistance, c2: chi-squared. The error percentages for individual parameters are shown in parentheses.

Ti60Zr15Si10B5Pd10 Ti60Zr15Si10B5Pt10 Ti60Zr15Si10B5Pd5Pt5 Ti60Zr15Si10B5Pd5Au5 Ti60Zr20Si8Ge7B3Sn2

Rs (U cm2) 27.76 (%1.6) 10.3 (%0.9) 17.06 (%3.7) 34.53 (%1.5) 13.02 (%3.85)
Y (Ssncm�2) 1.392 � 10�5 (%1.4) 2.228 � 10�5 (%0.8) 1.875 � 10�5 (%3.1) 1.439 � 10�5 (%1.3) 1.327 � 10�5 (%3)
n (¡) 0.9231 (%0.3) 0.9111 (%0.2) 0.9222 (%0.7) 0.9177 (%0.3) 0.9606 (%0.7)
R (U cm2) 8.613 � 106 (%42.3) 4.506 � 105 (%2.6) 1.131 � 106 (%0.7) 1.319 � 107 (%62.6) 1.229 � 107 (%117)
c2 5.417 � 10�3 1.446 � 10�3 2.637 � 10�2 4.63 � 10�3 2.765 � 10�2
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precious metals and Sn included in that composition.
The Ti60Zr20Si8Ge7B3Sn2 alloy, which was previously subjected

to electrochemical tests with the same solution at room tempera-
ture [34] and used for comparison purposes in this study, also
shows inferior corrosion resistance as compared to the Ti60Zr15-
Si10B5Pd5Pt5 alloy. Simultaneous alloying of Pd and Pt was previ-
ously shown to enhance the stability of various nanostructures
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using different electrochemical tests and electrolytes [54e58]. In
this case, the co-existence of these two PMs creates a stable oxide
layer, as revealed by the largest passivation hpit and repassivation
zrp domain (Table 4). Furthermore, for the Ti60Zr15Si10B5Pd5Pt5 and
Ti60Zr15Si10B5Pt10 alloys, a rather smooth transition to the pitting
region with a small current rise until 1.5 V takes place, indicating
negligible pitting damages confirmed by the SEM images in Fig. 5.



Table 6
Surface composition analysis of the as-spun Ti60Zr15Si10B5Pd10 sample by XPS.

Peak Name at. %

O1s (TiO2, ZrO2, PdO) 32.2
O1s (CeO, CeOH, SieO) 15.5
O1s (organic oxygen) 1.6
C1s (sp3) 14.9
C1s (CeO(H)) 6.2
C1s (OeCeO) 3.8
C1s (carbide) 1.0
Ti2p3 (TiO2) 12.7
Ti2p3 (metal) 3.0
Zr3d5 (ZrO2) 4.2
Zr3d5 (metal) 0.6
Si2p3 3.4
Pd3d5 (carbide) 0.7
Pd3d5 (PdO) 0.2
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(c) and (d). High magnification SEM imaging of the pitting corro-
sion related damage is presented in Fig. S5.

4. Conclusions

Four new PM-alloyed Ti-based MG compositions without any
harmful elements are introduced. The GFA of the new truly
biocompatible alloys was improved, and their disordered atomic
structures became denser through the addition of PM constituents.
The FWHM values (Dq) of the amorphous diffraction maxima ob-
tained from synchrotron XRD experiments reveal that the order of
GFA, from the highest to lowest, is Ti60Zr15Si10B5Pd5Pt5, Ti60Zr15-
Si10B5Pd10, Ti60Zr15Si10B5Pd5Au5, Ti60Zr15Si10B5Pt10 and Ti60Zr20Si8-
Ge7B3Sn2. Apparently, Pd plays the most important role in
stabilizing the amorphous structure. Pt realizes the densest atomic
structure when alloyed individually, whereas Pd behaves in the
opposite way. Moreover, again upon sole Pd or Pt alloying, the
Ti60Zr15Si10B5Pd10 alloy has the lowest hardness and the second-
highest GFA, whereas the Ti60Zr15Si10B5Pt10 alloy exhibits the
highest hardness and the lowest GFA of the PM-alloyed composi-
tions. Additionally, Pd was found to promote the GFA when it is
simultaneously alloyed with Pt or Au.

From the aspect of corrosion resistance, Pt seems to be the best
option for improving the chemical stability of the alloys, regardless
of whether it is alloyed individually or together with Pd. On the
other hand, if Pd is the sole PM addition, the alloys show average
corrosion properties compared to the best ones. All alloys except
Ti60Zr15Si10B5Pd5Au5 render better corrosion properties than the
Ti-based BMGs tested in simulated body fluids. Considering the
high Ti-content of the compositions and the higher corrosion
resistance of Ti60Zr15Si10B5Pd10, it can be stated that the addition of
5 at.% Au deteriorates the chemical stability of Ti60Zr15Si10B5Pd5Au5.
On the other hand, the substitution of 5 at.% Pt for Pd enhances the
corrosion properties of Ti60Zr15Si10B5Pd10. XPS data show mainly
TiO2 and ZrO2 with CeO, CeOH and SieO bond formations on the
surface upon production.

The alloy with the best GFA, namely Ti60Zr15Si10B5Pd5Pt5, fea-
tures promising mechanical properties such as a microhardness of
766 ± 11 Hv, an estimated compressive yield strength of
2505 ± 36 MPa and it could be spun at lower cooling rates (lower
wheel speeds). It also exhibits excellent corrosion properties, the
highest pitting potential, the widest passive region of
1.582 ± 0.03 V, and the lowest annual corrosion rate of
0.141 ± 0.005 mm yr�1. Accordingly, it exhibits no corrosion-related
damage, and its surface remains intact after the potentiodynamic
polarization tests. Moreover, it has the widest SCLR of 61 ± 2 K.
Regarding its promising structural and electrochemical properties,
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the Ti60Zr15Si10B5Pd5Pt5 alloy is envisaged as a suitable candidate
for a permanent medical implant material in the future after fine-
tuning the alloy composition and/or improving the production
technique and conditions.
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