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ABSTRACT
The viscosity of the Zr56.5Ti13.3Ni13.6Cu9.6S7 bulk glass forming alloy was measured in equilibrium liquid at low and high temperatures. Low
temperature measurements were conducted in the vicinity of the glass transition using a thermomechanical analyzer, covering a viscosity
range between 109 and 1014 Pa s. The high-temperature experiments were carried out by electromagnetic levitation of a spherical droplet
in microgravity during a parabolic flight campaign (TEMPUS), ranging in viscosity from 50 to 800 mPa s. The viscosities were individu-
ally modeled using the Vogel–Fulcher–Tammann equation to obtain the fragility parameter D∗, which displays a strong liquid behavior of
25.8 and 19.6 for the low and high temperature region, respectively. The Mauro–Yue–Ellison–Gupta–Allan viscosity model was additionally
applied, revealing an even more accurate description across the whole temperature range. Next to viscosity, TEMPUS measurements allow
the determination of surface tension. With a value of 0.9 N m−1, it is significantly lower than that of other Zr-based metallic glasses without
the element sulfur.
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0192705

I. INTRODUCTION

Zr-based bulk metallic glasses (BMGs) are among the best
metallic glass forming systems and are specifically interesting due
to their high strength, hardness, low Young’s modulus, large
elastic limit, and good biocompatibility.1,2 This specific class is
among the first to achieve fully amorphous rods above 1 cm, with
Zr41.2Ti13.8Cu12.5Ni10Be22.5 (Vit1) as the first commercial BMG.3,4

Most of the alloys developed in this early development period pos-
sess Be as alloying element, which is nowadays unwanted due to
its hazardous nature, restricting the usage of these alloys. There-
fore, many different Zr-based bulk metallic glasses without the ele-
ment Be were developed, with the most important being Zr–Cu–Al
type derivates. Two widespread alloys belonging to this class
are Zr59.3Cu28.8Al10.4Nb1.5 (AMZ4) and Zr52.5Cu17.9Ni14.6Al10Ti5
(Vit105), which are both extensively studied in the literature due to
their high potential for industrial applications.5–8

Alternatively, it has recently been shown that sulfur is highly
favorable for glass formation on the Ti-rich side of the Zr–Ti–Cu–Ni
system.9,10 One major advantage of these sulfur-bearing BMGs in
comparison to other established bulk glass forming alloys is their
resistance against oxygen impurities in terms of glass forming ability
(GFA) and mechanical properties. This enables the use of industrial
grade material, which substantially decreases the material costs.11

Alloy development toward higher Zr-contents led to the bulk glass
forming composition Zr56.5Ti13.3Ni13.6Cu9.6S7, which turned out to
be the best compromise between GFA and size of the supercooled
liquid region (SCLR).11 Thus, this alloy is not only interesting for
casting processes but also for processing techniques such as ther-
moplastic forming12,13 or the uprising additive manufacturing tech-
nique of selective laser melting.14–16 Especially the latter is currently
a “hot topic” in the metallic glass community and is emerging as
an important production route for upscaling of amorphous parts.17

Moreover, this process does not require a large critical casting size
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as the powder feedstock material is molten locally with a laser,
enabling high cooling rates in the order of 104–106 K s−1.6 For pro-
cessing techniques such as thermoplastic forming, cast as well as
printed parts are allowed to be shaped without high forces as the
viscosity changes several orders of magnitude in the SCLR.13,18,19

Therefore, the knowledge of viscosity across a large temperature
range is essential for simulation of these processes.

In this study, we measured the viscosity in the deeply SCLR
with a thermomechanical analyzer, as well as in the equilibrium
liquid at high temperatures by applying the oscillation droplet
method in weightlessness during a parabolic flight campaign.
In case of Zr56.5Ti13.3Ni13.6Cu9.6S7, the liquid viscosity behav-
ior can be modeled using the Vogel–Fulcher–Tammann (VFT)
and Mauro–Yue–Ellison–Gupta–Allan (MYEGA) equation over 16
orders of magnitude, which is unusual as the most systems reported
so far, especially Zr-based alloys without sulfur, cannot be fitted with
a single equation due to the so called fragile-to-strong transition.20

II. EXPERIMENTAL PROCEDURE
A. Sample production and characterization

The Zr56.5Ti13.3Ni13.6Cu9.6S7 master alloy was produced from
high purity raw elements Zr (99.99 wt. %), Ti (99.999 wt. %), Cu
(99.95 wt. %), Ni (99.95 wt. %), and an inductively custom-made
Ni55S45 (at. %) pre-alloy (S purity - 99.9995 wt. %) by arc-melting
under a Ti-gettered high purity Ar atmosphere. The detailed produc-
tion process of a similar pre-alloy is described elsewhere.21 Amor-
phous specimens were obtained by arc-melting and suction-casting
into water-cooled Cu molds. Their glassy structure was verified by
x-ray diffraction (XRD) and further characterized by the differential
scanning calorimetry (DSC) technique.

B. Low-temperature viscosity
The low temperature viscosity around the glass transition

was determined using a Netzsch TMA 402 F3 Hyperion thermo-
mechanical analyzer (TMA) in a three-point beam bending setup.
A rectangular beam shaped specimen was loaded centrally with a
constant force of 0.1 N, while the deflection rate was measured dur-
ing the experiment. Two different measurement techniques were
applied by measuring in the scan mode with a constant heat-
ing rate of 0.33 K s−1 and isothermally at different temperatures
below T g . Both protocols resulted in a deflection of the beam with
a midpoint deflection rate ν, allowing the determination of the
temperature-dependent viscosity according to22

η = − gL3

144Icν
[M + ρAL

1.6
], (1)

with g being the gravitational constant, L being the support span, Ic
(= bh3/12; b = width and h = thickness) being the moment of inertia
of a rectangular beam, M being the loading mass, ρ being the density
of the composition, and A being the cross-sectional area.

In case of an isothermal heating protocol, the relaxation of
viscosity into the equilibrium liquid can be described using the
Kohlrausch–Williams–Watts (KWW) equation,23

η(t) = ηg + ηeq−g[1 − exp(−( t
τ
))], (2)

with η(t) being the viscosity, ηg being the initial viscosity of the glass
before relaxation, ηeq−g being the viscosity increase during relaxation
into the equilibrium liquid, t being the time, τ being the relax-
ation time, and β being the stretching exponent. The viscosity of the
equilibrium liquid is determined as ηeq = ηg + ηeq−g .

C. High-temperature viscosity and surface tension
Container-less electromagnetic levitation of a metallic droplet

in microgravity (TEMPUS) is an ideal method to determine the
high temperature viscosity and surface tension of highly reactive
Zr melts.24–26 TEMPUS provides comparable viscosity and fragility
results to common methods such as Couette viscometry or elec-
trostatic levitation, with the advantage that no crucible contamina-
tion or gravitational forces affect the droplet.27 A spherical sample
(6.5 mm in diameter) was electromagnetically levitated and heated

FIG. 1. (a) Isothermal viscosity measurements below the glass transition of
Zr56.5Ti13.3Ni13.6Cu9.6S7. The dotted curves represent the KWW fits, which
describe the relaxation of the glassy state to the equilibrium liquid state at dif-
ferent temperatures. (b) The equilibrium viscosities are plotted along a TMA scan
measurement as a function of inverse temperature. The black dashed line repre-
sents the VFT fit, revealing a strong liquid behavior with a D∗ of 25.8. The lower
panel depicts a DSC scan measured with the same scan rate of 0.33 K s−1 for
orientation.
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up to a maximum of 1900 K during the microgravity phase. Dur-
ing free cooling, the droplet was compressed after a short excitation
pulse, resulting in an oscillation decay behavior. The whole process
was recorded using a 200 Hz camera, and the movie was further pro-
cessed using digital image software to obtain the radius change in the
droplet in the X- and Y-direction as a function of time. The radius of
the droplet as a function of time, r(t), can be described by a damped
cosine function,25

r(t) = r0 + A cos(ωt) exp (−Γt), (3)

with r0 being the quiescent radius of the sample, A being the ampli-
tude of the oscillation, ω being the angular frequency, and Γ being
the damping constant.

The damping constant can then be used, with the knowledge of
the sample mass m, to calculate the viscosity of the liquid, according
to28

η(T) = 3mΓ
20r0π

. (4)

Besides viscosity information, surface tension can be deter-
mined from TEMPUS experiments by performing a fast Fourier
transform analysis of the damped oscillation to determine the reso-
nant frequency ωR (more details in the supplementary material and
in Fig. SI3).24 With the known sample mass m, the surface tension γ
can be calculated using

γ = 3
8

πmω2
R. (5)

Further details about the oscillation droplet method in micro-
gravity can be found in Refs. 24–26, 28, and 29.

D. Modeling of viscosity
The viscosities in the liquid can be described by different mod-

els. Here, the empirical Vogel–Fulcher–Tammann (VFT) relation is
used,30

η(T) = η0 exp( D∗T0

T − T0
), (6)

with D∗ being the fragility parameter, T0 being the VFT temper-
ature, and η0 being the pre-exponential factor. At infinitely high
temperatures, the viscosity approaches η0, which can be estimated
according to the relation η0 = NA ⋅ h/Vm, with NA being Avogadro’s
constant, h being Planck’s constant, and Vm being the molar
volume.31 For Zr56.5Ti13.3Ni13.6Cu9.6S7, η0 was calculated to be
η0 = 3.3 ⋅ 10−5 Pa s and used for the fitting.

In addition, the MYEGA (Mauro, Yue, Ellison, Gupta, and
Allan) relation, which enables an improved extrapolation of viscos-
ity, can be described as

η(T) = η0 exp [ln (10)B
T

exp(C
T
)], (7)

with η0 being the pre-exponential factor and B and C being the fitting
parameters. More information on the physical background of this
equation can be found in Ref. 32.

III. RESULTS
Figure 1(a) shows the viscosity calculated from the TMA deflec-

tion experiments for different isothermal temperatures. The viscos-
ity (open circles) is increasing at each temperature during relaxation
from the initial glassy state to the supercooled liquid state. The relax-
ation curves are fitted with the stretched exponential KWW equation
(dashed line) to determine the equilibrium viscosity at the given

FIG. 2. Temperature, coil voltage, and gravitation as a function of time of one parabola. The spikes in the coil voltage indicate the excitation pulses for the droplet and are
labeled (a), (b), and (c). The resulting damped oscillations for the respective pulses are shown in panels (a)–(c) together with the fit of a damped cosine function (Multimedia
available online).
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FIG. 3. (a) High-temperature viscosity and (b) surface tension as a function of
temperature of Zr56.5Ti13.3Ni13.6Cu9.6S7. For a metallic liquid near T l , the tempera-
ture dependence of viscosity is exceptionally strong, with a fragility parameter D∗

of 19.6. The average surface tension is determined to be ∼0.9 N m−1, which is
rather low compared to that of sulfur-free Zr-liquids.

temperature. The sudden deviation of the viscosity from the fit cor-
responds to crystallization of the sample, so the equilibrium viscosity
at temperatures close to T g can only be determined via extrapo-
lation. To determine the temperature dependence of viscosity by
means of the VFT model, the equilibrium viscosity values are plot-
ted as a function of inverse temperature, as can be seen in Fig. 1(b).
The fit yields a fragility parameter D∗ of 25.8 and a VFT tempera-
ture T0 of 389.9 K and aligns well with the TMA scan measurement
of 0.33 K s−1, which allows the measurement of viscosity in the
supercooled liquid prior to crystallization.

Figure 2 shows different important processing parameters of
the parabolic flight experiments, such as temperature, coil voltage,
and gravitation. Upon starting of the parabola, the gravitational
force reaches zero and the sample is heated inductively well above
its liquidus temperature, T l = 1475 K. Subsequently, the sample is
freely cooled by turning off the heating coil. During cooling, three
excitation pulses were applied, which can be seen from the three
spikes, labeled (a), (b), and (c), in the coil voltage. The correspond-
ing droplet oscillation for the three pulses in the X- and Y-direction
is recorded with a 200 Hz high frequency camera, the analysis of
which is shown in the corresponding panels in Fig. 2 (Multimedia
view). By increasing cooling from (a) to (c), the oscillation undergoes
progressively stronger damping due to the increase in viscosity.

The determined equilibrium viscosities at each temperature
shown in Fig. 3(a) correspond to the mean value of the cosine

damped function in the X- and Y-direction. The uncertainty in vis-
cosity corresponds to one standard deviation. The temperature error
results from the continuous cooling nature of the experiment, the
determination of which is provided in the supplementary material.
The viscosity calculated above the liquidus temperature (gray dashed
line) is in the region of 100 mPa s, while supercooling below T l leads
to an increase in the range of 250–800 mPa s. The high melt vis-
cosity for the last oscillation might be connected to crystallization as
it is close to the first recalescence (see Fig. 2). However, this can be
excluded as the last oscillation exhibits a decay time of just 60 ms and
is finished before the recalescence sets in. This was double checked
using the high frequency camera, where the precipitates are first vis-
ible after the last oscillation is finished (see supplementary material
video Nr. 1). The high temperature viscosity is also fitted using the
VFT-type equation, with the fit pinned to the viscosity at the kinetic
glass transition temperature T∗g , which is 1012 Pa s by definition.
This results in a relatively strong kinetic fragility behavior with a D∗

of 19.6, not far away from the value for the low temperature data.
Figure 3(b) shows the calculated surface tension γ at different tem-
peratures. It turns out that the surface tension is almost identical
across the measurement range of 300 K (1250–1550 K), which is on
average calculated to be 0.9 N m−1.

IV. DISCUSSION
Upon direct comparison of the melt viscosity at the liquidus

temperature, Zr56.5Ti13.3Ni13.6Cu9.6S7 possesses a viscosity of around
100 mPa s (see Fig. 3), which is about twice as high as that for
Zr-based alloys, such as Vit105 and AMZ4.20,27 A similar increase
in melt viscosity by an addition of S of up to 8 at. % was also
observed in the Ti–Ni–S system,33 which was suspected to be
related to higher packing density in the melt as S is a small atomic

FIG. 4. Viscosity as a function of inverse temperature of Zr56.5Ti13.3Ni13.6Cu9.6S7.
The blue and red open circles correspond to the low and high temperature vis-
cosity, respectively. The individual VFT fits are indicated as dashed lines. The
combined fits (VFT and MYEGA) are given as solid lines. As can be seen from
the two insets, the green solid line gives the best description of viscosity over the
whole temperature range.
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TABLE I. Fitting parameters to model the viscosity of Zr56.5Ti13.3Ni13.6Cu9.6S7 with the VFT and MYEGA fitting function. The m-fragility is calculated from the fitting parameters
of the respective model.

Fit η0 (10−5 Pa s) D∗ T0 (K) T∗g (K) B (K) C (K) m

VFT TMA 3.3 25.8 ± 0.1 389.9 ± 0.5 655 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 40.7
VFT TEMPUS 3.3 19.6 ± 0.5 431.2 ± 4.4 654 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 48.4
VFT TEMPUS+TMA 3.3 21.1 ± 0.5 419.3 ± 2.7 653 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 45.9
MYEGA TEMPUS+TMA 3.3 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 656 2820.0 ± 65.2 880.8 ± 15.0 38.6

species,34 satisfying the empirical rules for glass formation.35 How-
ever, Wilden et al. have shown for the Ti75Ni17S8 alloy that the
packing fraction is actually reduced by S addition, which contra-
dicts the experienced increase in viscosity.33 They interpreted this
increase in viscosity to the formation of covalent interaction of
S with the constituent atoms, which presumably also applies to
the studied alloy of this work, which has a comparable S content.
Apart from the increased melt viscosity, the temperature depen-
dence, e.g., fragility, also changes compared to the metalloid-free
Zr-alloys mentioned above. Figure 4 combines the viscosity data
from both measurement methods in an inverse temperature plot.
Different VFT fits are shown, where the high and low temperature
data are fitted individually (dashed lines) and together (solid black
line). The individual fitted data indicate just a small offset in their
temperature dependence of viscosity, although the high tempera-
ture liquid behaves in a more fragile manner [D∗ (high T) = 19.6
vs D∗ (low T) = 25.8]. The observed difference between the high
temperature fragile liquid and a low temperature strong liquid is
in line with several metallic glass-forming liquids and is associated
with a pronounced structural ordering during cooling.20,27,36–39 A
fragile liquid at high temperatures is connected to a less pronounced
medium range order, where the temperature dependence of viscosity
follows a non-Arrhenius behavior. The deviation from such a non-
Arrhenius behavior toward a ‘quasi-Arrhenius’ behavior (fragile-to-
strong transition) is attributed to the formation of densely packed
structures, clustering together to form a more pronounced medium
range order.20,40 This implies that the liquid structure must change
severely to achieve the sudden increase in viscosity due to the dif-
ferent fragilities.27,35 For a number of common Zr-based alloys, the
fragility switches from about D∗ of 10 at high temperature to about
D∗ of 25 at low temperature.20,31 This appears to be different or at
least less pronounced for the Zr56.5Ti13.3Ni13.6Cu9.6S7 melt as the off-
set in viscosity is rather small across the studied temperature range,
as shown in Fig. 4. This indicates a pronounced medium range
order structure already near the liquidus temperature. Therefore, the
structural ordering upon supercooling is supposed to be much less
pronounced as the difference between high- and low-temperature
dependence of viscosity is small. This could possibly be connected
to the unique melt structure, brought in by directional bonds with
S.33 However, fitting with a single VFT (D∗ = 21.1, T0 = 419.3 K)
or MYEGA equation indicates that such a fragile-to-strong transi-
tion might not happen at all as both functions are able to describe
the viscosity over 16 orders of magnitude very well. However, the
MYEGA fit is ahead as it describes the course of both temperature
regions even more accurately with a higher R2 value of 0.99 com-
pared to the VFT fit with an R2 value of 0.96. This can also be seen

visually in the insets in Fig. 4. It also avoids the divergence of the
VFT fit at T0, which is an ongoing issue with the lack of experimental
evidence of the VFT equation.41 All fitting parameters as well as the
kinetic glass transition temperature T∗g are summarized in Table I.
T∗g differs slightly depending on the fit, but all agree very well with
the measured calorimetric glass transition of 659 K [see Fig. 1(b)].
In addition, the m-fragility was calculated, resembling the steep-
ness and thus the fragility of each fit at T∗g . The higher the m-value,
the steeper the slope, indicating a kinetically more fragile behav-
ior, and vice versa. The most appropriate value for the m-fragility
is obtained by the VFT (TMA) and MYEGA fit as they describe the
low-temperature region around T∗g the best. Therefore, the two val-
ues (40.7 and 38.6) are very similar and fall within the typical range
for bulk metallic glass.42

Next to viscosity, the surface tension γ was determined on aver-
age to be 0.9 N m−1. This value is nearly identical to the quaternary
S-containing alloy on the Ti-rich side Ti60Zr15Cu17S8.14 This is par-
ticularly interesting as the surface tension of metalloid-free Zr-based
systems is much higher at around 1.6 N m−1 for the alloy AMZ4,
which is reduced to 1.4 N m−1 using industrial grade material (i.e.,
higher oxygen contamination). The effect of oxygen and sulfur on
the surface tension was already shown in 1982 by Keene et al., where
0.2 wt. % of oxygen and sulfur led to a decrease from 1.8 to 1.2 N m−1

in pure iron.43 Their similar effect on surface tension is likely related
to the chemical resemblance of the two elements as they are located
next to each other in the same main group of the Periodic Table.
Thus, it is not surprising that S also reduces the surface tension in
the liquid of Zr-based BMGs as it is used as an alloying element in
large quantities. The possibility to tailor the surface tension is gen-
erally beneficial as a targeted reduction and can improve the flow of
the molten metal during the casting process, resulting in improved
filling of cavities.

V. CONCLUSION
To conclude, the bulk metallic glass forming alloy

Zr56.5Ti13.3Ni13.6Cu9.6S7 was characterized with respect to its
low- and high-temperature viscosity as well as its surface tension in
the vicinity of the liquidus temperature:

● The liquid behaves kinetically strong across the entire tem-
perature range and can be modeled with a single VFT
equation, whereas the MYEGA fit is even more accurate and
thus a better suited viscosity model for this alloy.

● Sulfur reduces the surface tension in the liquid state signifi-
cantly to 0.9 N m−1, in comparison to S-free Zr-based BMGs
possessing a value around 1.6 N m−1.
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● In summary, sulfur increases the viscosity of the melt, which
is beneficial for glass formation but detrimental for castabil-
ity. The latter, in turn, can be compensated by the reduced
surface tension.

SUPPLEMENTARY MATERIAL

See the supplementary material for the high temperature melt-
ing and crystallization calorimetry curve. Additional details on the
evaluation of the TEMPUS dataset are provided, in particular the
temperature error calculation and the detailed analysis of the surface
tension.
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