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The effect of sulfur on the glass forming ability, thermal stability and mechanical properties of the eutectic
alloy Tis3 4Z1r333Cu333 was investigated by conventional X-ray diffraction, differential scanning calorimetry
and 3-point flexural experiments. A novel region of bulk glass formation with a critical casting diameter of
up to 4 mm was found in the quaternary Ti-Zr-Cu-S system, however, brittle fracture behavior was pre-
dominant. Various alloying strategies were employed to improve mechanical properties and a composi-
tional transition from brittle to ductile fracture has been identified (e.g. for TizgZr335Cu2455¢). A change of
the primary precipitating phases from a C14 Laves to an intermetallic (Ti,Zr),Cu phase can be observed, as
well as a stabilization of the supercooled liquid. The origin of the thermally unstable behavior in Ti-based
bulk metallic glasses is traced back to the easy formation of the icosahedral phase upon heating, which is
Mechanical properties structurally close to the supposedly predominant icosahedral short-range order in the amorphous state. The
Thermal stability systematic study carried out in this work indicates a strong correlation between primary crystallizing phase
Sulfur and thermal stability, both pointing to the frozen short-range order in the amorphous state which is pre-
determining the mechanical properties. The transition from the Laves to the intermetallic (Ti,Zr),Cu phase
as well as the enlarged supercooled liquid region appear to be directly related to a destabilization of the
icosahedral short-range order and ultimately to the improved mechanical properties.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Metallic glasses have been subject of intense research since their
discovery in the early 1960s [1]. Unlike crystalline materials, atoms
in amorphous metals are arranged randomly on a long-range order
but exhibit a distinct short- and medium range order on atomic
length scales. Compared to crystalline metals of similar composition,
they are characterized by significantly higher strength, exceedingly
high hardness and outstanding elastic properties [2]. Due to the high
cooling rates required to suppress crystallization and enable glass
formation, it is particularly challenging to produce amorphous me-
tals even in the order of a few millimeters. Alloy systems that exceed
the critical casting thickness of 1 mm in conventional casting pro-
cesses are called bulk metallic glasses (BMGs). These include, for
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instance, Zr- [3], Ti- [4], Pd [5], Pt- [6,7], Au-[8], Mg-[9]. Fe- [10], and
Ni- [11,12] based systems. Among these metal-based BMGs, Ti-based
BMGs possess great potential for promising applications due to their
low density, high strength and consequently high specific strength
[13-15]. The critical problem of known Ti-based alloys with ex-
ceptionally good glass-forming ability (GFA) combined with low
density is the presence of the toxic element Be, preventing their use
in medical applications [15,16]. Other good glass formers without Be
include the element Pd, an undesirable element for a lightweight
material due to its high density and cost [16,17]. Recently, a pro-
mising alternative has been discovered by our group with the new
family of S-containing alloys, showing high glass-forming ability
without the use of the mentioned undesired elements. Based on
various eutectic alloys, different bulk glass forming compositions
have been derived in the S bearing Ti-based system. Starting from
the ternary eutectic TigssNixz sCuin [18], BMGs with good GFA and
high Ti content were developed using small amounts of 4 at% S [19].
In Ref. [20], originating from the binary Ti-Ni and Ti-Cu eutectics,
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bulk glass formation up to 3 mm with additions of Zr, Cu, Ni and a S
content of 8 at% were achieved. Among them, the Ni-free Ti-Zr-Cu-S
alloys (e.g. TigpZr3sCuq;Sg) are of particular interest for biomedical
applications, as few to no metal ions are released into solution due to
their excellent electrochemical corrosion resistance [17,20]. Sulfur
itself is considered uncritical, as it belongs to the minerals and is an
important component of several amino acids of the human organism
[21]. This ensures little to no interaction with human cells and
therefore classifies them as biocompatible. In particular, crystalline
Ti alloys are widely used in orthopedic prosthetics and dental im-
plants due to their high corrosion resistance and good biocompat-
ibility [22-25]. However, their main drawback is the high elastic
modulus compared to that of a human bone causing effects like
stress shielding and loosening of the implants [22], whereas the
unique structure of amorphous Ti-based BMGs with a relatively low
elastic modulus in combination with high engineering yield strength
enables them to emerge as a promising alternative to conventional
crystalline implants [23].

As origin of the present work, the ternary eutectic
Tis3.4Zr333Cus33 (E5) on the copper-rich side was chosen as new
starting point for alloy development. Arroyave et al. reported this
eutectic E5 as the point with the lowest liquidus temperature in the
Ti-Zr-Cu system, an ideal starting point, as the liquid state is stabi-
lized to very low temperatures, promoting glass formation [26,27].
Molokanov and Chebotnikov studied a wide range of alloys in the
quaternary Ti-Zr-Ni-Cu system, including the Tigg7-xZrxClss3
ternary alloy series with a maximum critical casting thickness of
amorphous ribbons of 250 pum for Tiye7Zr40Cuss s [28]. The critical
thickness of the eutectic composition E5 is reported as ~200 pm
[28]. Many systems have shown that minor additions of another
element result in metallic glasses with improved properties and
enhanced GFA, if the proper minor alloying element is chosen for the
respective base alloy [29-31]. In Ti-based systems, S has already
been proven to be very beneficial for amorphization by increasing
the topological variability and complexity of the system, hence fol-
lowing the empirical rules for glass formation [19,20,27,32]. Re-
cently, Wilden et al. have shown that S reduces the melt dynamics in
Ti-based glass-forming systems, presumably caused by the forma-
tion of covalent interactions [33]. Apart from metalloid elements
(e.g. S, Si or B), metals such as Sc, Ni or Al are frequently used as
minor additions [25,34-37]. The latter is of particular interest as it is
a light element that further reduces the density of the system,
promoting lightweight applications. With respect to alloys not di-
rectly associated for medical applications, Ni, which is topologically
equivalent to Cu, can contribute to enhanced glass formation
[20,36,38].

In our previous study, it was found that Ni-free Ti-based bulk
metallic glasses can be formed in the Ti-Zr-Cu-S alloy system, but the
GFA was limited up to only 3 mm [20]. This work focuses primarily
on different alloying strategies in the Ti-Zr-Cu-S system and its ef-
fects on GFA, thermal stability and mechanical properties. The pri-
mary goal was to enable a larger application field by enhancing the
GFA, however, it was found that the mechanical properties (ductile
or brittle fracture behavior) are remarkably sensitive to small com-
positional changes. The mechanism causing this distinctive change
in the mechanical performance is found to be related to the liquid
and glassy structure, which are known to be dominated by an ico-
sahedral short-range order (ISRO) in Ti-based alloys [39-41]. To
deepen the understanding of the embrittlement mechanism in the
studied alloys and eventually in Ti-based BMGs in general, the re-
sults are further supported by systematic studies of Ni and Al ad-
ditions, causing similar changes in fracture behavior. Ultimately, this
allows the development of Ti-based metallic glasses with improved
GFA as well as desired mechanical properties to enable their use in
potential biomedical applications.
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2. Experimental procedure
2.1. Sample production

The alloys were prepared from high purity raw elements: Ti
(99.995 wt%), Zr (99.99 wt%), Cu (99.999 wt%), Ni (99.99 wt%), S
(99.9995 wt%) and Al (99.99 wt%). To add S into the composition, a
custom-made Cu-S pre-alloy was used, synthesized from high purity
Cu and S in a quartz tube under high purity argon atmosphere with
the composition Cug;Ss3 (at%). Subsequently, the mass of the pre-
alloy was checked to identify any mass loss compared to the
weighted-in elements. The conservation of mass allows an accurate
determination of the final Cu-S composition assuming that only S
(low boiling point) and no Cu is lost in the process. A detailed de-
scription of the production process is given in Ref. [42]. Subse-
quently, the raw elements were alloyed together with the pre-alloy
in an electric arc furnace under a Ti-gettered argon atmosphere. To
ensure homogeneous distribution of the elements, the ingots were
flipped and remelted at least 5 times. Afterwards, the samples were
cast under a Ti-gettered high purity argon atmosphere into water
cooled copper molds using a custom-built suction casting machine.
For the poorer glass formers, plate-shaped specimens with thick-
nesses of less than 1 mm were cast. Otherwise, rod-shaped samples
with different diameters (> 2 mm) were fabricated to determine the
critical casting diameter.

2.2. X-ray diffraction and calorimetric analysis

The samples used for X-ray diffraction (XRD) and differential
scanning calorimetry (DSC) were cut from the cylindrical rods at a
height of 10 mm from the bottom right next to each other. To verify
the amorphous structure as well as identify the crystalline phases,
XRD measurements were conducted using a PANalytical X'Pert Pro
diffractometer and a D8-A25-Advance diffractometer with mono-
chromatic Cu-Ka radiation. The cross section of all specimens, in-
cluding the beams for the mechanical tests, were characterized to
obtain information from the inner region of the sample, most critical
for crystal formation as it is experiencing the lowest cooling rate.
Thermal analyses were performed at heating rates of 1 K/s in Cu
pans under a constant high-purity argon flow using a power-com-
pensated Perkin Elmer DSC 8000 to determine the onset of the glass
transition temperature, Tg, and the onset of the primary crystal-
lization, Ty, of the amorphous samples.

2.3. Mechanical testing

Metallic materials are conventionally tested in tensile tests.
However, even metallic glasses that are microscopically (in-
trinsically) ductile behave macroscopically brittle in this mode due
to the formation of one shear band under approximately 45° to the
tensile axis. This single shear band propagates and leads to cata-
strophic failure. For this reason, the mechanical parameters such as
Young's modulus, yield strength, fracture strength and total strain
were determined in a 3-point beam bending (3PBB) setup using a
Shimadzu universal testing machine, as it allows the formation of
multiple shear banding ultimately enabling the observation of in-
trinsic ductility. All beam-shaped specimens feature a rectangular
cross-section and were cast in the dimension of 3 mm x 2 mm X
25 mm using the copper mold suction casting technique and sub-
sequently sanded with up to 1200 grit SiC paper. The support span L
was 20 mm. Both, the applied force F and the deflection D at the
center of the beam were recorded during the test. The engineering
stress ¢ at the sample surface and the strain ¢ at the midpoint of the
beam were calculated by simple beam mechanics theory using the
equations:
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with the height h and the width w of the beam.

The deflection rate D, i.e. the velocity of the crosshead, was
constant at 0.3 mm/min. For beam specimens with thicknesses
about 2 mm and a support length of 20 mm, Eq. 2 provides a strain
rate of 1.5x107™* s™! at the outer fiber if D is used instead of D.

To determine a meaning strain, the ramp-up behavior at the
beginning of the stress-strain curve was corrected, as described in
Fig. SI1 of the supplementary information. Optimized casting para-
meters allow defects such as micropores to be largely eliminated.
However, to exclude random scattering of the results in case of such
defects, three test specimens were tested for each composition.

3. Results
3.1. Alloy development

The GFA and thermal stability of the novel Ti-based alloys were
investigated by XRD and thermal analysis upon heating from the
glassy state at a rate of 1 K/s. Both properties are fundamental for the
production and processing of BMGs. Fig. 1a and b summarize the
XRD results of the S addition series (Tiz34Zr333CU33.3)100-xSx (X=0, 2,
4, 6, 8, 10, hereafter E5-Sy) for various thicknesses, allowing to de-
termine the critical casting thickness of the studied alloys. For di-
mensions below 1 mm, plate-shaped samples were tested instead of
rod-shaped samples. The critical casting thickness of the composi-
tions containing 2-10at% S reveal no sharp Bragg peaks from any
crystalline phase, but the typical diffusive diffraction maxima re-
presentative of monolithic metallic glasses. However, the alloy
without S cannot be produced as a glass in a conventional copper
mold casting process due its low GFA, e.g. small critical casting
thickness, d., of d. ~200 nm [28]. The compositions that turned out
amorphous were then cast into molds one millimeter larger than the
critical casting thickness (d.+1 mm) to determine the primary crys-
talline phases, as shown in Fig. 1b. Two dominating crystalline
phases, the C14 Laves phase (Frank-Kasper structure) and inter-
metallic (Ti,Zr),Cu (tetragonal structure) can be identified by XRD. In
equilibrium conditions a bcc phase is additionally reported by Ar-
royave et al. for the ternary eutectic [26]. To conclude, an appropriate
addition of S up to 4 at% significantly enhances the GFA in the Ti-Zr-
Cu system, leading to a d. of up to 4 mm. Further additions above 4 at
% lead to a continuous decrease of the GFA to a d. of 3, 0.75 and
0.5 mm for E5-Sg, E5-Sg and E5-S, respectively.

The corresponding DSC scans of fully amorphous samples with
increasing S-content are given in Fig. 1c, except for E5-Sq, as no
amorphous specimen could be produced in conventional copper
mold casting due to the limited GFA. The crystallization proceeds via
multiple exothermic crystallization reactions for all compositions,
although not all of them feature a distinct endothermic event as-
sociated with the glass transition. For instance, no distinct glass
transition could be observed for E5-S,, as the alloy starts to crys-
tallize immediately as the atomic mobility is regained in the vicinity
of the glass transition. Towards E5-Sqq, the signal of the glass tran-
sition event is getting more and more pronounced, as the onset of
crystallization is shifted continuously to higher temperatures, re-
flecting a stabilization of the supercooled liquid region (SCLR), as
summarized in Table 1. The onset temperature of the glass transition
T, for those showing one as well as the onset of crystallization T is
marked with arrows in each curve. Each alloy was also heat treated
until the first crystallization was completed and subsequently cooled
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Fig. 1. XRD patterns of (Ti334Zr333Cus33)100-xSx (x=0, 2, 4, 6, 8, 10) at different
thicknesses with (a) showing the critical casting thickness of as-cast samples, despite
the one without S that could not be produced amorphously and (b) partially crys-
tallized samples closely above the critical casting thickness. (c) DSC Scans measured
with a heating rate of 1K/s for all amorphous compositions.
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Table 1

Calorimetric properties of fully amorphous samples studied in this work. T, re-
presents the onset of the glass transition temperature, T, determines the onset of the
primary crystallization, and AT, determines the width of the SCLR (ATx=Ty-T,). The
critical diameter d. corresponds to XRD amorphous samples produced by copper
mold casting.

Composition (at%) Tg (K) Tx (K) ATy (K) d. (mm)
Tiz3.4Zr33.3Cu33 3 (E5-So) - - - ~0.2 28]
(Tiz3.4Zr333Cu333)08S2 (E5-S2) - 673 - 0.75
(Ti33.4Zr33.3Cu333)0654 (E5-S4) 660 712 52 4*
(Tiz3.4Zr33:3Cu33.3)94S6 (E5-S6) 699 751 52 3
(Ti33.4Zr33.3CU333)92Sg (E5-Sg) 721 782 61 0.75
(Ti33.4Zr33.3CU333)90S10 (E5-S10) 740 812 72 0.5
Ti34Zr338CuUz82Ss (CL-Ss) 663 717 54 4*
TizeZr33.5Cu24,556 (CL-Se) 668 723 55 4
TisgZr34.3Cuz0.7S7 (CL-S7) 675 729 54 4
TigoZr3sCuy7Sg (CL-Sg) 677 730 53 3 [20]
TizeZr335Cuz25Ni2Se 666 713 47 4
TizeZr33.5Cu20.5NiaSe 663 709 46 4
TizeZr33.5Cu155NigSe - 704 - ~3**
TizeZr33.5Cu165NigSe - 706 - ~3**
TizeZr33.5Cu145Ni10Se - 1 - ~3*F
Tiz6Zr33 5CU12.5Ni12S6 - 706 - ~3
(Ti3eZr33.5CU24.556)90Al4 670 720 50 4
(TizeZr33.5CU24.556)9sAl2 676 726 50 4*
(TizeZr33.5Cu24.556)97Al3 677 727 50 4
(TizeZr33.5Cu24556)96Al4 680 729 49 4
(TizeZr33.5Cu24556)05Al5 695 736 41 4

*Highest GFA of the respective series
** 2mm x 3 mm amorphous beams

down to determine the first crystalline phase ex-situ by XRD (see
Fig. SI2). The analysis reveals that the primary phase upon heating
changes from an icosahedral phase (I-phase) for E5-Sy (x=2,4,6,8) to
the Laves phase for E5-Sqo. Therefore, the observability of the glass
transition through the increasing stabilization of the SCLR to 72 K for
E5-Sqo is directly connected to the destabilization of the quasi-
crystalline I-phase. However, the maximum in GFA and SCLR does
not coincide with each other and show contrary behavior. Among
the alloys studied, the supercooled liquid of the best glass former E5-
S4 behaves thermally very unstable with almost no SCLR, in contrast
to the most stable composition E5-S;o which shows a poor GFA.

As will be shown later, the best alloy E5-S4 with respect to GFA is
mechanically brittle, whereas the amorphous alloy TizoZr35Cuy7Sg
developed by Kuball et al. in the same quasi-ternary Ti-Zr-Cu-S
system behaves ductile in 3-point flexural tests [20]. The objective of
further alloy optimization is to scan the compositional space in be-
tween to observe and understand the transition from brittle to
ductile fracture behavior. The region of interest is depicted in the
quasi-ternary (Ti,Zr)-Cu-S diagram in Fig. 2 and is called “connection
line” in the following. The specimens are labeled “CL” accordingly.
These include the compositions Ti3»Zr3;CussSy, TizsZrszgCusgsSs,
Ti352f33_5CU24_556, Ti332r34_3Cu20,7S7 and Ti4OZr35Cu1753, which are
further referred to as E5-S4 (as before), CL-Ss, CL-Sg, CL-S; and CL-Sg,
respectively. The composition E5-S4 (red square) results from the
alloy development shown in Fig. 1, while CL-Sg (blue square) is the
best glass forming alloy described in Ref. [20]. The intervening alloys
CL-Ss to CL-S; (grey squares) are calculated according to a linear
equation. More details on the determination are provided in the
supplementary information.

The XRD results of the “connection line” of both bulk glass
forming regions are shown in Fig. 3a and b for the casting thick-
nesses of 4mm and 5 mm, respectively. The best composition in
terms of critical casting thickness from the S series E5-Sy4 is plotted
again to illustrate the trend in GFA and the change in the primary
precipitating phases. Referring to Fig. 3a, a wide GFA range of 4 mm
was found ranging from E5-S4 to CL-Sg. CL-S7 also exhibits a mostly
amorphous XRD pattern but shows first signs of primary
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Fig. 2. Quasi-ternary (TiZr)-Cu-S diagram with the best-found glass formers
TispZr3,Cus;,S, of this work as well as TiggZrssCuy7Sg from Ref. [20]. The grey squares
indicate the "connection line” compositions.

crystallization at the main peak of the amorphous halo. The primary
precipitating phase (Ti,Zr),Cu is more prominent in CL-Sg, which
exhibits a GFA of 3 mm according to Ref. [20], hence is not expected
to solidify without crystallization at 4 mm. The change of the pri-
mary crystalline phases in cooling from the equilibrium melt can be
identified more precisely in Fig. 3b, where the Laves phase in E5-S,
changes to a coexistence of the Laves and intermetallic (Ti,Zr),Cu
phase in CL-Ss, followed by quasi-binary (Ti,Zr),Cu in CL-Sg to CL-Sg.
The alloy with the highest GFA, CL-Ss, exhibits a mostly amorphous
pattern in addition to a few Bragg peaks, condensing to a critical
casting thickness slightly below 5 mm. Interestingly, the maximum
in GFA is exactly located where the primary crystalline phases are
changing. By moving compositionally closer to CL-Sg, the GFA drops
continuously due to the primary formation of the less complex in-
termetallic (Ti,Zr),Cu. The corresponding DSC measurements with
an increasingly thermal stability towards CL-Sg is shown in Fig. 3¢
with the thermal properties summarized in Table 1. All further alloy
development strategies were subsequently performed on CL-Sg
(TizeZr33.5CuUy4.556) rather than the best composition in terms of GFA,
CL-Ss, as it exhibits superior mechanical properties and no brittle
fracture failure, as will be shown later (Fig. 5).

Fig. 4a and b show the XRD data of 4mm and 5mm rods of
TizeZr33 5Cuz45-yNiySe (y=2, 4, 6, 8, 10, 12) where Cu is continuously
substituted with Ni. Regarding a structural point of view, Ni and Cu
are considered topologically equivalent due to their similar atomic
size [43]. Therefore, both are frequently considered interchangeable
[44]. Low Ni contents do not lead to any noticeable change in the
GFA compared to the Ni free variant, as both alloys (y=2 and y=4) still
completely vitrify in 4 mm rods and show crystallization for a dia-
meter of 5 mm. However, higher Ni contents lead to a continuous
decline in GFA due to the formation of the I-phase, followed by the
C14 Laves phase. A similar transition from an amorphous structure
to the formation of quasicrystals and Laves phase was also reported
in another S-bearing BMG system based on the ternary Ti-Ni-Cu
eutectic [19]. In general, both crystalline phases are common and
frequently reported in Ti-based BMGs [15,19,36,41,45-47]. Next to Ni
addition, the influence of Al as light element was investigated by
equiatomic substitution, keeping the elemental ratios of the me-
chanically best composition CL-Sg constant as shown in Fig. 4c and d.
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Fig. 3. (a) and (b) shows the X-ray diffraction patterns of 4mm and 5mm as-cast
samples of the “connection line” compositions. (c) The corresponding DSC scans were
acquired on fully amorphous samples at a rate of 1K/s.
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Aluminum was considered rather as microalloying element and was
added in small amounts, up to a maximum of 5 at% Al. All Al-con-
taining compositions solidify glassy in 4 mm molds, indicating no
deterioration in GFA. In case of 5 mm casts, Al addition of just 1 at% is
not sufficient to improve the GFA, yielding a similar critical casting
thickness as the "base" alloy CL-Sg (compare z=1 of Fig. 4d to CL-S6
of Fig. 3b). Further Al alloying of about 2-3 at% result in the biggest
improvement with a XRD pattern indicating a mostly glassy sample
superimposed by a few (Ti,Zr),Cu/Laves Bragg peaks. The declining
GFA with increasing Al content goes again hand in hand with a
change of the primary crystallizing phase from the (Ti,Zr),Cu inter-
metallic to a C14 Laves phase. Unlike the Ni series, the phase change
does not occur through the intermediate step of the icosahedral
phase formation. This effect of improved GFA at minor addition of
elements with further deterioration at larger amounts is often ob-
served in literature for the so-called micro-alloying technique [30].
Fig. 4e and f depict the corresponding DSC scans, with the Ni series
showing a continuous destabilization of the glass transition until no
T, is observable (Ni > 6 at%), and the Al series showing only a slight
reduction of the SCLR. The characteristic temperatures are sum-
marized in Table 1.

3.2. Mechanical properties

Monitoring the mechanical properties and their evolution is
particularly important for the development of application-oriented
alloys, especially as S-containing Ti-based BMGs allow the usage of
industrial-grade raw material without significant deterioration of
GFA, as shown by Kuball et al. for TiggZr3sCuy7Sg in Ref. [20]. A cer-
tain amount of ductility is of particular interest to prevent sudden
failure in case the applied load unexpectedly exceeds the yield
strength. Prior to testing, the amorphous structure of the flexural
beams was verified by XRD. Fig. 5a, b, and ¢ show the 3PBB en-
gineering stress-strain curves for three alloy series developed in this
work, the “connecting line”, the Ni series as well as the Al series. The
novel glass forming alloy E5-S4 based on the Ti-Zr-Cu eutectic E5
with a GFA of 4 mm fails brittle in 3PBB experiments with a total
strain below 2%. Such premature failure is likely related to a low
fracture toughness, resulting in poor resistance to defects such as
micropores or surface scratches. These allow crack propagation more
easily in the tensile loaded region of the beams, turning 3PBB ex-
periments into an elaborate way to study the intrinsic mechanical
properties. Moving compositionally towards TigZr3sCuy;Ss, the
transition from brittle to ductile fracture behavior occurs exactly at
the intermediate alloy composition TizgZr335Cuz45S¢ (CL-Sg). This
composition also features the largest total strain to failure of around
4.2% in bending of the studied alloys. Therefore, it was chosen as
new origin for alloy development of the Ni and Al series, although it
was not the composition with the highest GFA. The stepwise Ni
addition shown in Fig. 5b led to a decrease in ductility, followed by
complete embrittlement at Ni contents above 2 at%. Despite their
amorphous structure, the latter do not even reach their yield
strength. Similar, but less catastrophic embrittlement is also ob-
served throughout the Al series in Fig. 5c. However, the best com-
position (TizeZr335CU24556)98Alz in terms of GFA still reaches its
yield strength and exhibits minor ductility before fatal fracture oc-
curs. Al contents above 2 at% ultimately led to premature, brittle
failure. The Young’'s moduli of all different compositions studied in
this work range from 83 to 89 GPa in bending. A detailed summary of
the mechanical properties oyieila (0.2%), Gfractures Ebending and érotal
corresponding to the yield strength at 0.2% strain, the fracture
strength, the Young’s modulus in bending and the maximum
achieved strain, respectively, is provided in Table 2.
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Al series (TizeZr33 sCUz4.556)100-2Al; (z=1, 2, 3, 4, 5) in (c) and (d). (e) and (f) depicts the corresponding DSC scans of both series acquired at a rate of 1K/s.
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4. Discussion

The XRD analyses of the investigated quaternary Ti-Zr-Cu-S as
well as quintenary Ti-Zr-Cu-S-Al alloys reveal the C14 Laves phase as
well as the intermetallic compound (Ti,Zr),Cu to be the primary
crystallizing phases. Considering the composition of the respective
alloy, the latter results from continuous solubility of Ti and Zr in the

Journal of Alloys and Compounds 960 (2023) 170614

tetragonal (Ti,Zr),Cu phase throughout the ternary phase diagram
from Ti,Cu to Zr,Cu [26]. The mixture of Ti and Zr atoms in the
tetragonal sub-lattices leads to changes in the lattice parameters
(Vegard's law), resulting in a shift of the Bragg peaks as exemplarily
shown for CL-Sg in Fig. SI3 in the supplementary information. A si-
milar change in the primary crystals is observed upon Ni addition to
the quaternary Ti-Zr-Cu-S system, although an additional quasi-
crystalline I-phase is formed as intermediate step. A stabilization of
the I-phase by Ni has been observed several times, for example in
the Ti-Ni-S [20] and Ti-Zr-Ni-Cu [48] system. Since Cu and Ni are
considered to be topologically equivalent, the substitution of both
elements should not affect the structure, yet Stiehler et al. found
significant structural differences in the short- and medium-range
order of Zr-based alloys, which were mainly attributed to diversified
local electronic interactions [49]. In combination with the strong
negative enthalpy of mixing of Ni with Ti and Zr (AH%=N=-35 k]/mol,
AHZNi=—49 k]/mol [44]), an icosahedral structure seems to be
promoted in the liquid state, which is supported by high-energy X-
ray diffraction experiments of Goldman et al., who observed a pro-
gressive increase of an ISRO by the addition of Ni to binary Ti-Zr [40)].
Saida et al. also found that elements having a positive or weak
chemical affinity to one of the constitutional elements (AHS% Ni=4 k]/
mol [44]) in Zr- or Hf-based glass-forming systems are beneficial for
the precipitation of the I-phase [50]. Moreover, the I-phase com-
monly forms as primary phase upon heating from the glassy state,
causing the thermally unstable behavior in most of the alloys stu-
died and in general in Ti-based BMGs [15,45,51,52|. Some of them,
mainly the Ni series, do not even show a pronounced glass transi-
tion, as T, is superimposed by primary crystallization. This thermal
instability is expected to be related to structural similarities between
the predominant ISRO in the liquid/amorphous state and the quasi-
crystalline I-phase, as frequently reported for Ti-based BMGs
[19,39-41,53]. Those structural similarities result in a reduced in-
terfacial energy and consequently, according to classical nucleation
theory, in a reduced nucleation barrier for the I-phase [41,54-57].
The importance of the interfacial energy for the GFA of metallic
glasses has been shown for Pt-P-based liquids [58]. In these liquids, a
high interfacial energy is able compensate a high driving force for
crystallization and a fragile liquid behavior. In the case of the Ti-
based glasses, a low interfacial energy due to a pronounced ISRO
results in an immediate crystallization as soon as atomic mobility is
restored in the vicinity of the glass transition. Similar phenomena
were also observed in Al-based BMGs with high Al-contents, where
the glass transition is superimposed by the rapid formation of fcc o-
Al nanocrystals [59-61]. Another indication for a predominant ISRO
is reflected in a change of the primary phase upon cooling from the
tetragonal (Ti, Zr),Cu to an icosahedral or Laves phase, as the latter
contains a high proportion of icosahedral clusters [40,62,63]. This
means that elements stabilizing an ISRO in Ti-based BMGs result in
reduced thermal stability.

Our study suggests that the addition of S is an effective way to
retard/suppress the formation of the I-phase during heating, as de-
monstrated for the E5-Sy series with increasing S content. Ultimately
S addition leads to a distinct glass transition and stable SCLR (Fig. 1¢)
prior to the emergence of crystallization. The positive influence of S
on thermal stability seems to be an almost universal feature, as it has
already been demonstrated in various BMG systems, like Cu-, Zr-, Ni
and Pd-based ones [32,42], [64]. Interestingly, the maximum GFA in
the Ti-Zr-Cu-S system (Ti3»Zr3;CusaS,4) coincides with that reported in
the Ti-Zr-Ni-Cu-S system (TisgZr5Nijg5Cu12S4) at a sulfur content of
4 at% [19]. Characteristic are the elements Ti and Zr as well as Cu and
Ni, which each form a complete solid solution in their binary phase
diagrams [65,66]. Furthermore, Ti and Zr have similar electron con-
figurations, hence they can be considered chemically equivalent [67].
Ni and Cu, on the other hand, are often considered topologically equal
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Table 2
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Mechanical properties of the different alloy compositions investigated in this work: Engineering yield strength at 0.2% strain oyjeiq, fracture strength cacture, the Youngs modulus

Ebending and the total strain e calculated from the flexural stress-strain curves.

Composition (at%) Gyield (Gpa) Gfracture (Gpa) Ebending (Gpa) €total (%)
TisyZr32Cu35S4 (E5-Sy) - 1.32+04 87+2 1.48+0.4
Tiz4Zr3 8CUzg 2S5 (CL-Ss) - 1.85+02 89+1 2.09+0.2
Tiz6Zr33.5CU24,556 (CL-Sg) 2.59+0.1 2.85£0.1 88+1 423+03
TizgZr343CU207S7 (CL-S7) 26401 2.79£0.1 89+1 3.59+0.4
TisoZr35Cui17Sg (CL-Sg) 2.58+0.1 2.63£0.1 87+1 3.25£0.1
Tis6Zr33.5CU22 5Ni»S6 2.69+0.1 2.76+0.1 88+1 3.44+01
Ti6Zr'33.5CU20,5Ni4S6 - 14002 88+2 16102
Ti6Zr33.5CU45 5NigSs - 145+0.1 88+1 1.66+0.1
Tiz6Zr33.5CU16.5NigSs - 1.03+05 85+3 136£03
Tiz6Zr33.5CU145Ni10S6 - 1.35£0.2 87+2 1.59£0.2
TizeZr33.5CU12,5Ni12S6 - 118+0.4 88+2 1.39+0.5
(TizeZr33.5CUz4556)90Al 25102 259+03 88+1 3.54+04
(TizeZr335CUq 556 )osAl - 2.39+0.1 88+1 2.77+0.1
(TizZr335CU4 556 )o7Al3 - 1.53+0.1 83+2 1.82£0.1
(Tiz6Zr335CU4 556 )o6Als - 132£03 862 1.55£03
(Tiz6Zr335CUz4 556 )o5Al5 - 0.65+0.4 863 0.86+0.3
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longer sufficient, and an additional Ti-S or Zr-S pre-alloy is necessary
to achieve BMGs with (Ti,Zr) contents higher than ~75 at%. The op-
timal sulfur content as a function of the (Ti,Zr)/(Cu,Ni) ratio could be
related to the size mismatch of the constituent atoms, which might
exhibit an optimal dense random packing of the atoms at certain
ratios. Lu et al. already pointed out that a defined atomic size dis-
tribution instead of an excessive size mismatch can lead to the highest
packing density in the liquid and thus to an optimum in the GFA [69].
However, this does not explain why the optimum S content does not
change significantly upon exchange of Ti and Zr, despite their sig-
nificant atomic radius difference of around 10% [43]. In other words,
the observed linear trend cannot be attributed exclusively to topology.
Hence, the chemical contribution seems to be of equal importance, as
the studies by Wilden et al. rather suggested for sulfur itself to ma-
nipulate the chemistry of Ti-Ni-S liquids, by reducing the melt dy-
namics, presumably caused by the formation of covalent interactions
[33]. The melt viscosity was more than doubled in the ternary Ti-Ni-S
system in direct comparison to binary Ti-Ni. The correlation between
the maximum GFA and the (Ti,Zr)/(Cu,Ni) to S content appears to be
decisive and is worth noting, although further work is necessary to
systematically validate this correlation. A more general explanation
for the improved GFA in the system studied can be attributed to the
predominant formation of the I-phase as primary precipitating phase
upon heating from the glassy state (Fig. SI1), suggesting an ISRO in the
liquid as reported in many alloy systems [53,70-72]. An ISRO likely

Fig. 6. (Ti+Zr)/(Cu+Ni) ratio as a function of the S content for different BMGs in the
(Ti,Zr)-(Cu,Ni)-S system. The compositions TigoZr3sCuq7Sg, TisgZr7sNiigs5Cuq2S4 and
Cuye3Tiz3.5Zr198Ni7 0S¢5 originate from Ref. [20], [19] and [68], respectively. The error
bars result from the screening increments of S content performed for each alloy
system. When the S content was screened in 1 at% increments, the optimum S content
is narrowed down to about+0.9 at%. By screening in steps of 0.5 at%, the GFA max-
imum was determined with an accuracy of about + 0.4 at% around the ideal S content.
The solid red line represents a linear fit with a R? of 0.98.

contributes to reduced atomic mobility coupled with an increase in
melt viscosity [73-75]. A similar slowdown in melt dynamics is also
expected here, resulting in an improved GFA.

The composition TizgZr35Cuy;Ss is reported to exhibit a higher total
strain of ~4.3% compared to the specimen of same composition tested
in this work with only 3.2% (Table 2) [20]. However, the higher re-
ported strain is not surprising, since the measured sample size in this
work was significantly larger and the formation of shear bands
strongly depends on specimen size [76,77]. In addition, smaller spe-
cimens possess a higher fictive temperature due to the faster cooling
rate and therefore a higher degree of free volume, promoting multiple
shear band formation [78-80]. Jiang et al. reported a similar depen-
dence of total strain on specimen dimensions [64]. For this reason, all
beams studied in this work have the same dimensions allowing a
robust comparability among them. In several other S containing sys-
tems, increasing S content led to an embrittlement of the matrix as in
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the case of Cu-Zr-Al-S and Pd-Ni-S alloys [42,64]. For Ti-based BMGs,
this seems to be different, as the mechanical properties strongly de-
pend on the fractions of the residual constituents by how they sta-
bilize or destabilize the ISRO. Obviously, the mechanical properties
are directly related to the intrinsic amorphous structure, i.e. the short-
range and medium-range order as well as free volume in the glass
(see Fig. SI4) [38,56]. Fig. 7 schematically depicts how a stabilization/
destabilization of the ISRO could be understood. The schematic on the
left side exemplifies the structure of the composition E5-S4 with the
highest GFA derived from the ternary Ti-Zr-Cu eutectic. A stabilized
ISRO is indicated by an increased number of icosahedral motifs, which
is also expected for the studied alloys containing Ni and Al The
former is a well-known element stabilizing an icosahedral structure
in Ti-based systems [40]. However, small additions of Al also tend to
increase the stability of icosahedral structures by forming stable Al-
centered icosahedra instead of Cu-centered icosahedra, dominating in
Cu-Zr based alloys [81]. A more destabilized ISRO is coupled with a
reduced number of icosahedral motifs as outlined on the right side of
Fig. 7. The idea is that targeted alloy development strategies (as done
for the ,connection line“ shown in Fig. 2) lead to reduced number of
closed-packed icosahedral motifs, resulting in "less densely packed"
regions with higher degree of free volume. This promotes the for-
mation of shear transformation zones and ultimately shear bands
[78,82], culminating in a transition from brittle to ductile as observed
in Fig. 5a from E5-S4 to CL-Sg. The present work suggests that the
primary formation of crystalline phases during cooling provides in-
formation about the ISRO structure in the liquid state and thus also in
the glassy state if nucleation has been suppressed. Once quasi-crys-
talline or crystalline phases are formed that contain icosahedral units
(e.g. I-phase and Laves phase observed in all alloy series, see Fig. 1,
Fig. 3 and Fig. 4), it is likely that the ISRO is stabilized, resulting in low
thermal stability without a distinct SCLR [63]. Considering that the
maximum state of an ISRO is the I-phase and that the Laves phase also
contains a high proportion of icosahedral clusters, it is not surprising
that Ti-based BMGs with a stabilized ISRO behave macroscopically
brittle, analogous to the complex crystalline phases [38,63,83-85]. In
contrast, the compositions that primarily form quasi-binary (Ti,Zr),Cu
intermetallic with a tetragonal structure instead of a complex struc-
ture exhibit a correspondingly less pronounced, destabilized ISRO,
which ultimately translates into improved thermal stability and me-
chanical properties (e.g. CL-Sg, CL-S; and CL-Sg in Fig. 3 and Fig. 5a).
Thus, the formation of simple phases in Ti-based BMGs appear to
indicate a structure that favors higher ductility in the amorphous
state. For instance, Wang et al. found Ti-based BMGs with high

ductility in compression by intentionally choosing a eutectic system
containing a ductile B2 phase instead of a complex phase with a
Frank-Kasper structure [38]. However, a simple crystalline structure is
usually accompanied by reduced GFA due to the higher cooling rates
required to suppress crystallization of this simple phase. Here, the
alloys  with  the  highest GFA  Ti3sZr3;gCupssSs  and
(TizeZrsz5CUz4556)97Al3 always precipitate the complex Laves phase
(see Fig. 3b, Fig. 4d), coupled by poor mechanical properties. This
brittle behavior is altered if the primary crystalline phase changes by
further alloy optimization. Our systematic study demonstrates that a
judicious manipulation of the short-range order through alloying
strategies allows the synthesis of compositions with superior me-
chanical properties coupled with improved GFA by analyzing the
primary crystals as well as thermal stability. Ideally, a single XRD/DSC
measurement is sufficient to judge whether or not alloy development
is proceeding towards promising mechanical properties as the pri-
mary crystalline phases as well as the thermal stability mirrors the
prevailing glassy structure. In other words, if the I- or Laves phase are
primarily formed, which is related to a low thermal stability, there is
no need for an extensive investigation of the mechanical properties,
since a predominantly brittle fracture behavior is to be expected.
However, if the XRD measurement indicate a simpler crystalline
phase, such as (Ti,Zr),Cu, it is worth to investigate the mechanical
performance, as good properties with a certain ductility are expected.

To summarize and graphically elucidate our findings, schematic
time-temperature-transformation (TTT) diagrams for the different
alloying strategies shown in Fig. 8a to ¢ were constructed from the
XRD crystallization data at different thicknesses as well as the
knowledge of the first crystallizing phase upon heating (Fig. SI2).
Since no TTT diagrams were measured experimentally in this work,
the graphs are simply a proposed schematic visualization of the
individual alloying strategies and their influence on the crystal-
lization behavior. The effect of S on the position of the crystallization
curves of the Laves phase and (Ti,Zr),Cu phase is illustrated in Fig. 8a
(solid blue and orange lines). The two lines are drawn right next to
each other, as both phases are detected in the XRD patterns. An in-
creasing S content pushes both crystallization “noses” to longer
times due to the higher GFA and lower critical cooling rate required
for glass formation, which is reflected in the maximum d. of 4 mm at
an optimum S content of 4 at%. Even higher S contents in turn lead to
a reduction in GFA to 500 um for S;p and thus to shorter "nose"
times, indicated by dashed lines (Fig. 1). The DSC measurements
revealed a continuous stabilization of the SCL from initially no
visible T, due to the formation of the I-phase to a broad SCLR of 72 K
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Fig. 8. The schematic TTT diagrams illustrate (a) the influence of increasing S content
on the crystallization curves, (b) their change along the “connecting line” from
Ti3pZr35Cus,S, (E5-S4) to TiggZrssCuy;Sg (CL-Sg), and (c) the influence of Ni addition.
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curves of each phase, while orange lines represent the Laves phase, blue lines the (Ti,
Zr),Cu intermetallic and gray lines the icosahedral phase.
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at Sy due to the complete destabilization of this phase. In the latter,
the I-phase no longer crystallizes, but the Laves phase, which is in-
dicated by a shift of the TTT diagram of the I-phase from the grey
continuous to the grey dashed line. The plotted cooling rates Ry mm,
R4mm and Rysmm to bypass the tip of the respective crystallization
curve indicate the critical cooling rate for E5-Sq, E5-S4 and E5-Sq,
respectively, which can be estimated from the critical casting
thickness d. according to Lin et al. (R=10/d.2, d. in cm) [86]. Fig. 8b
depicts the change in crystallization across the “connection line”.
The cooling curve Rs,, crosses either the Laves or the (Ti,Zr),Cu
curve at any point, as no fully amorphous 5 mm XRD patterns were
obtained (see Fig. 3). As (Ti,Zr),Cu becomes the primary crystalline
phase on the way to TigoZr3sCuy7Sg, there is consequently an inter-
change with the Laves phase. This point was observed at
TizqZr3; gCuyg,Ss, where both phases were coexisting. Overall, the
(Ti,Zr),Cu crystal curve shifts to shorter times as the TigpZr35Cuy7Sg
composition contains a reduced GFA compared to the initial com-
position Ti3»Zr3;Cus;S,. Regarding the I-phase, a similar trend to the
first case of continuous stabilization of the SCL can be observed, but
not to a similar extent, as the I-phase stays the primary precipitating
phase upon heating. The Al-series behaves basically in the same
manner, but in the opposite direction, as Al addition leads to a
change from the (Ti,Zr),Cu phase to the Laves phase and reduced
thermal stability. With increasing Ni content on the other hand
(Fig. 8c), the TTT curve for the I-phase is shifted to the left and
dominates the crystallization process, which increases the critical
cooling rate required for glass formation and reduces the thermal
stability against crystallization. Both are likely attributable to a low
interfacial energy with respect to the supercooled liquid or glass,
resulting in a low nucleation barrier as discussed above [41,54-57].
Therefore, the removal of Ni to precipitate a crystalline phase instead
of a quasi-crystalline phase is desirable in terms of GFA, thermal
stability and mechanical properties. This also accommodates its use
as a potential biocompatible light weight material.

5. Summary and conclusion

The influence of S on the GFA, thermal stability and mechanical
properties of the eutectic composition Tis34Zr333Cusss was in-
vestigated. Minor additions of sulfur with an ideal content of 4 at% S
significantly improved the GFA by increasing the critical casting
diameter from 200 pm to 4 mm. Likewise improved was the thermal
stability by destabilizing the icosahedral phase upon heating, how-
ever, the optimum in glass formation does not coincide with the
largest SCLR. A putative correlation was established between the
ratio of (Ti,Zr) to (Cu,Ni) and the ideal S content required to achieve
the highest GFA. Due to the brittle nature of the novel composition
Ti3pZr3;CusySy with the highest critical casting thickness, targeted
alloying strategies were employed, resulting in an optimized alloy
TizgZr33.5CUz4.5S¢ with the same GFA of 4 mm but a ductile fracture
behavior in bending. Furthermore, a correlation between the pri-
mary crystallizing phase, the thermal stability and the mechanical
properties in a S-bearing Ti-based bulk glass forming system was
found. Alloy compositions which form primarily the I- or Laves-
phase are more prone to a brittle fracture, whereas glasses that
primary crystallize as (Ti,Zr),Cu from the high temperature liquid
tend to exhibit a plastic regime in 3PBB experiments. This observa-
tion is presumably connected to the atomic short-range order in the
liquid state, being less dominated by ISRO for liquids primary crys-
tallizing as (Ti,Zr),Cu. Moreover, a destabilized ISRO is mirrored by
improved thermal stability, as a result of the destabilization of the I-
phase upon heating. Our study shows that the detection of the pri-
mary precipitating phase and thermal stability can have high in-
formative value about the mechanical performance of bulk metallic
glasses and should be considered as important indicator for the
development of for engineering-oriented glass forming alloys.
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