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ABSTRACT
We investigated the change in the structure and dynamics of a Ni–Nb bulk metallic glass upon sulfur addition on both microscopic and
macroscopic scales. With the sulfur concentration of 3 at. %, where the composition Ni58Nb39S3 exhibits the best glass forming ability in the
investigated sulfur concentration range, both the equilibrium and undercooled melt dynamics remain almost unchanged. Only in the glassy
state does sulfur seem to result in mass transport less decoupled to the viscosity of the undercooled liquid, where the measured Ag tracer
diffusion coefficient is slower in the ternary alloy. With the structural disorder introduced by the alloying sulfur, the improved glass forming
ability is attributed to geometrical frustration, where crystal nucleation requires a depletion of sulfur and hence long range diffusion, as long
as no primary sulfur-containing crystalline phase is involved.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0205058

The properties of many alloys can be fundamentally changed by
adding a minor amount of additional elements. Such ways of incor-
porating alloy elements are sometimes also referred to as micro-
alloying, if the concentration of additives is at a very low level. For
bulk metallic glasses (BMGs), minor- or micro-alloying have often
been applied to improve their properties with respect to strength,
hardness, elasticity, plasticity, and glass-forming ability.1–4

Ni–Nb based BMGs belong to the best glass forming alloys
already in the binary system. The Ni62Nb38 composition exhibits a
high glass forming ability (GFA), allowing a vitreous casting thick-
ness of 2 mm.5 The achievable strength can be as high as 3 GPa,
with the Vickers hardness of 860 HV5.6 Moreover, the combination
of a large elastic limit of 2% and a high glass transition temperature

makes them particularly interesting for engineering-oriented appli-
cations. Therefore, the binary alloy system has been often fine-tuned
using minor- or micro-alloying, conventionally by adding metallic
elements, such as Sn, Zr, and Ta.7–9

In contrast to these metallic elements, just recently, using met-
alloid elements, such as P and S, as alloying components has been
shown to be highly beneficial for glass formation and thermal sta-
bility. While P has also been used as an alloying element for Pd- or
Fe-based BMGs, particularly sulfur as an alloying element has not
been widely used before for BMGs, despite its wide availability in
various industrial processes. Since then, it has been found that sul-
fur addition improves the GFA of various BMGs, including several
Pd-, Ti-, Zr-, and Cu-based alloy systems.10–13
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However, the influence of sulfur on the structure and dynam-
ics of the alloy melts/glasses has not been fully understood until
now. One possible effect of the minor alloying is the alternation in
the liquid behavior from a kinetically fragile to kinetically stronger
behavior. This causes a decrease in the atomic mobility above the
glass transition temperature T g , delaying the crystallization process,
which ultimately enhances the GFA. Another possibility is the alter-
nation of the primary precipitating phases, preventing the formation
of crystalline species that compete with the liquid phase. So far,
only a limited number of ternary alloys have been investigated. In
Ti–Ni–S-based alloys, a more sluggish liquid dynamics upon a sulfur
addition in the range of 5–8 at. % has indeed been observed, whereas
in the Pd–Ni–S alloy melts, where the sulfur content is consider-
ably higher, the diffusive dynamics of Ni depends only very weakly
on the sulfur concentration.14,15 This indicates that the mechanisms
of improved GFA upon sulfur addition can be different in different
alloy systems.

Sulfur addition improves the GFA of the Ni62Nb38 alloy at even
lower sulfur concentrations compared to the case of Ti–Ni–S. The
best glass forming composition has been found at about 3 at. %
sulfur addition, at the composition Ni58Nb39S3 (3 mm critical cast-
ing thickness). Further increases in the sulfur content deteriorate
the GFA of the alloy (see the supplementary material). Thus, the
Ni–Nb–S alloy system represents a typical case of minor addition.
In the following, we present the results on the change of struc-
ture and dynamics of these melts/glasses upon sulfur addition. By
using particular advanced scattering and diffraction techniques, we
are able to access these properties on both microscopic and macro-
scopic scales, in order to reveal the mechanisms of the improved
GFA.

The Ni62Nb38 master alloy was produced from the high-purity
raw materials, Ni (99.99 wt. %) and Nb (99.95 wt. %), under a Ti-
gettered high-purity Ar atmosphere. For the alloy Ni58Nb39S3, an
inductively synthesized Ni55S45 (in at. %) pre-alloy (S 99.9995 wt. %)
was additionally used. The detailed production procedure is pro-
vided in Ref. 9. The amorphous specimens were prepared by sub-
sequent suction casting into water-cooled Cu molds. Their glassy
structure was verified by x-ray diffraction (XRD) and further char-
acterized by differential scanning calorimetry (DSC). The viscosity
of the metastable undercooled liquid close to T g was measured in a
Netzsch TMA 402 F3 Hyperion thermo-mechanical analyzer (TMA)
using a three-point bending setup with rectangular beam-shaped
specimens. This provides high accuracy in the high viscosity range
of 108–1015 Pa s.16 To determine the equilibrium viscosity below the
calorimetric glass transition temperature, isothermal measurements
were conducted. The sample undergoes a relaxation process from
the glassy state into the supercooled liquid, where the viscosity of the
metastable equilibrium liquid is determined by the long-time limit-
ing value. For measurements above the calorimetric glass transition,
a scan protocol was used, where the viscosity was determined upon
entering the deeply supercooled liquid state. This allows the determi-
nation of viscosity in the supercooled liquid region up to the onset
of crystallization. In particular, for Ni62Nb38, the low temperature
viscosity was only measured during heating.

High temperature viscosity of the Ni62Nb38 and Ni58Nb39S3
alloys were measured employing an oscillating drop technique,17

where a droplet of the sample is levitated in order to avoid any
possible contamination. A surface oscillation is excited before

the measurement. Its characteristic decay time after switching
off the excitation is then used to derive the melt viscosity. The
Ni62Nb38 samples were processed using electrostatic levitation.18

The Ni58Nb39S3 sample was processed under reduced gravity con-
ditions on the board of the TEMPUS parabolic flight facility using
electromagnetic levitation,19 owing to the fact that it was necessary
to heat the sample to temperatures 200–300 K above their liquidus
temperature to fully dissolve sulfur, which is not possible in electro-
static levitation for the duration of the viscosity measurement due to
evaporation.

The Ni self-diffusion coefficients in the melt were measured
using quasielastic neutron scattering (QENS) on the FOCUS instru-
ment located at the Swiss Spallation Neutron Source. An incoming
neutron wavelength of 4.4 Å was chosen, which gives an instrumen-
tal energy resolution of about 100 μeV. The samples were processed
in thin-walled Al2O3 containers, with a diameter of 5 mm and a
height of about 30 mm. QENS probes the dynamics of the melt on
microscopic time and length scales, allowing accurate determination
of the Ni self-diffusion coefficient, free of any convective artifacts.20

The measurements were performed at four different temperatures
between 1573 and 1693 K for both the alloy compositions. Dynamic
structure factors S(q, ω) were obtained for each sample and temper-
ature after normalization of the measured intensity to a vanadium
standard, subtraction of the empty cell contribution, angular correc-
tion for self-absorption and container absorption, conversion from
the neutron time-of-flight to energy transfer, and interpolation to
constant momentum transfers q. Then, S(q, ω) can be described
by a single Lorentzian function, where the Ni self-diffusion coef-
ficient is derived from the q dependent half width at half maxi-
mum in the range 0.5 < q < 1.2 Å−1, where incoherent scattering is
dominant.

The impact of sulfur alloying on the diffusion rates in the glass
was evaluated using Ag as a tracer element. A thin, 10–20 nm thick,
layer of natural Ag was deposited onto polished cuboid-shaped
samples with sizes of about 3 × 3× 0.3 mm3 using a magnetron
sputtering device. The Ag tracer was selected to enable accurate mea-
surements of diffusion kinetics by time-of-flight secondary ion mass
spectrometry (ToF-SIMS) without interference from the elements
constituting the glasses. Diffusion annealing treatments were carried
out in sealed quartz tubes under purified (5N) argon atmosphere.
After annealing the Ag concentration, the profiles were analyzed
using an IONTOF ToF-SIMS 5–300 device. The areas of 300 × 300
μm2 were typically sputtered from which pore- and defect-free areas
of 100 × 100 μm2 were selected for the final analysis, from which
the tracer diffusion coefficients were evaluated from the broadening
of the Gaussian-type branches. For example, see Ref. 21 for further
details.

The total structure factors of the liquids were measured by high
energy XRD at DESY. Samples with diameters of about 3 mm were
processed in an electrostatic levitation apparatus adapted for scat-
tering experiments.22 A monochromatic x-ray beam with a size of
about 1 × 1 mm2 and an energy of ∼100 keV was used. The diffrac-
tion experiments were performed in transmission geometry. The 2D
scattering intensity was collected using a flat-panel detector, from
which 1D diffraction patterns were calculated using the pyFAI soft-
ware package.23 The structure factor of the liquid was then derived
from the integrated intensity using pdfgetX2 software,24 with the
procedures described in Ref. 25.
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Structural investigation on the medium range order (MRO)
scale was done using variable resolution fluctuation electron micro-
scopy (vR FEM) in a ThermoFisher Scientific Themis 300 G3 trans-
mission electron microscope (TEM). The spatial fluctuations in the
diffracted intensity, expressed in the normalized variance V(⃗k, R)

=

⟨I2(k⃗,R,r⃗)⟩
⟨I(k⃗ ,R,r⃗ )⟩2 − 1 of nano-sized volumes was extracted from the mea-

sured nanobeam diffraction patterns (NBDPs),1,26,27 with ⟨⟩ being
the average over the sample position r⃗. In the experiment, a par-
allel coherent probe with a full width at half maximum (FWHM)
between 0.8 and 7.7 nm is scanned over the sample. For each nor-
malized variance curve, 100 NBDP were acquired on a 50 × 50 nm2

region with a beam current of 10 pA, an exposure time of 4 s, a cam-
era length of 77 nm, and binning 4. During the measurement, it was
ensured that the thickness was kept constant at t/λ = 0.65 for all
the measurements and sample systems to ensure comparability. In
a so-called Stratton–Voyles plot, the normalized variance peak max-
imum is plotted against 1/R2, which gives information on the MRO
length scale and the MRO volume fraction.28–30 The detected MRO
correlation lengths are typically in the range of 1–6 nm.1,26,31,32

The high and low temperature viscosity of the binary Ni62Nb38
and the ternary Ni58Nb39S3 alloys are shown in Fig. 1. The
data are shown as a function of scaled temperature T g/T, where

FIG. 1. High (close to the liquidus temperature and closed symbols) and low (close
to T g and open symbols) temperature viscosity of the Ni62Nb38 and Ni58Nb39S3
alloys, shown on the reduced temperature scale T g/T . The solid lines are fitted
according to the VFT model, and the dashed lines are indicating the use of the
MYEGA model.

T g is defined as the viscosity η(T g) = 1012 Pa s. This corresponds
to 901 K for Ni62Nb38 and 892 K for the Ni58Nb39S3 alloy. The
temperature dependence of the melt viscosity is described by two
different models using (1) the Vogel–Fulcher–Tammann (VFT)
equation:33 η(T) = η0 exp ( D∗T0

T−T0
), with the fragility parameter

D∗, the VFT temperature T0, and the pre-exponential factor η0, and
(2) the Mauro–Yue–Ellison–Gupta–Allan (MYEGA) equation,34

η(T) = η0 exp [K
T exp (H

T )], with the pre-exponential factor η0 and
the fitting parameters K and H. For binary Ni62Nb38, the high
temperature viscosity measured in ESL is in agreement with that
measured by Mauro et al.35 within the experimental uncertainty,
which are included for fitting the temperature dependence of the
melt viscosity. For both the models, over the entire temperature
range studied, the viscosity data cannot be described by a single set
of parameters, which is known also for many other metallic glass
forming alloys.36,37 However, it can be recognized from Fig. 1 that
in both the high and low temperature regimes, the viscosities of the
binary and the sulfur containing alloys falls on the same fitting curve.
The fitting parameters obtained are slightly different for the binary
and the sulfur containing melts, which is mainly due to the different
temperature ranges covered. The obtained D∗ are similar for the two
alloys (Table I).

Figure 2(a) shows the Ni self-diffusion coefficients of the equi-
librium melts of the Ni62Nb38 and the Ni58Nb39S3 alloys measured
in the temperature range between 1573 and 1693 K by QENS.
The solid line represents an Arrhenius fit of the Ni self-diffusion
rates in the Ni58Nb39S3 melt, which gives an activation energy
EA = 944 ± 80 meV. The activation energy obtained for the Ni dif-
fusion in the Ni62Nb38 is 775 ± 79 meV. In Fig. 2(a), the values of
the measured self-diffusion coefficients are compared to those of the
eutectic Ni59.5Nb40.5 alloy,38 which agree with the off-eutectic and
the sulfur containing alloys within the experimental uncertainties.

Similar to the Ti–Ni–S alloys, the Ni–Nb–S alloy contains an
early transition metal and Ni. In the Ti–Ni–S melt, the melt dynam-
ics slow down with increasing sulfur content, as a result of potential
covalent-like interactions involved.14 Despite the chemical similarity
(e.g., Ti–Nb forms a completely miscible binary phase diagram39),
the melt dynamics does not seems to be affected by the sulfur addi-
tion for Ni58Nb39S3. However, a distinct difference is that overall
the sulfur concentration in the studied Ti–Ni–S alloys is higher, in
the range of 5 − 8 at. %, whereas for the Ni–Nb–S alloys, the opti-
mized GFA is already found in the range between 1 and 3 at. % sulfur
addition. As it is already suggested for the Ti–Ni–S alloys that sulfur

TABLE I. Fit parameters obtained on the measured viscosities of the Ni62Nb38 and Ni58Nb39S3 alloys using the VFT and
MYEGA equations for the high temperature (HT) and low temperature (LT) branches.

Composition ln η0 (ln Pas) D∗ ,HT THT
0 (K) D∗ ,LT TLT

0 (K)

Ni62Nb38 −8.08 ± 0.10 4.4 ± 0.1 801 ± 2 12.1 ± 0.4 674 ± 7
Ni58Nb39S3 −5.94 ± 0.40 2.1 ± 0.4 839 ± 9 10.6 ± 0.1 678 ± 1

KHT HHT KLT HLT

Ni62Nb38 −6.03 ± 0.07 111 ± 6 4305 ± 47 636 ± 67 2731 ± 98
Ni58Nb39S3 −4.74 ± 0.26 22 ± 11 5647 ± 458 459 ± 8 2951 ± 16
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FIG. 2. (a) Comparison of the Ni self-diffusion coefficient measured by QENS for
the Ni62Nb38 (closed square) and Ni58Nb39S3 (closed circle) melts. Data are com-
pared to that of the eutectic Ni59.5Nb40.5 alloy.38 The blue solid line is an Arrhenius
fit of the Ni self-diffusion coefficient of the Ni58Nb39S3 alloy. (b) Scaled diffusion
data for both alloys according to the η(T g) = 1012 Pa s, together with the mea-
sured Ag tracer diffusion coefficients. The solid line represents the scaled diffusivity
of the high temperature VFT fit of the melt viscosity (see the text).

may introduce a unique melt structure, in the following, we present
the structural results of both the liquid and the glass.

Figure 2(b) shows the temperature-dependent self-diffusion
coefficients, plotted in the T g/T scale together with the low tem-
perature Ag tracer diffusion coefficients. The high temperature Ni
self-diffusion coefficients of the binary and ternary alloys fall on
top of each other, showing similar temperature dependence. At
temperatures below T g , the Ag diffusion coefficient of the binary
and ternary alloys are different, where the sulfur-containing alloy
exhibits lower diffusion coefficients. In the temperature interval
under investigation, the activation energies are determined to be
995 ± 8 meV and 1161 ± 10 meV for Ni62Nb38 and Ni58Nb39S3,
respectively. While practically sulfur does not influence the Ni self-
diffusion rates in the liquid state, it seems that its alloying retards Ag
diffusion in the glassy state.

When compared to the scaled melt viscosity according to D(T)
= 2.53 × 10−11

/η(T),40 where the high temperature VFT-fit repre-
sents the upper limit of the scaled diffusivity, it can be seen that
the Ag tracer diffusion, i.e., of an impurity in the glass, is still
faster. It is well-known that the diffusion coefficient of some species
decouples from the scaled viscosity in the undercooled liquid state
of multicomponent alloys, particularly in the range of the glass
transition.41,42 Thus, such deviations can be expected. In our case,
it seems that for Ni58Nb39S3, the Ag diffusion below the glass tran-
sition temperature is more strongly coupled to the liquid viscosity
compared to the case of Ni62Nb38.

Figure 3 shows the measured x-ray total structure factor of
the Ni62Nb38 and Ni58Nb39S3 alloys at 1490 K. It can be seen that

FIG. 3. Total x-ray structure factor of the Ni62Nb38 and Ni58Nb39S3 alloys measured
by x-ray diffraction at 1490 K. The measurement of the binary alloy was performed
using a combined SAXS/WAXS setup where the access to lower q is more limited.

the position of the first structure factor maximum of the ternary
Ni58Nb39S3 melt shifts slightly from q = 2.910 ± 0.005 Å−1 of the
binary alloy to q = 2.879 ± 0.016 Å−1. This difference could be
accounted by the slightly different Ni/Nb ratio, if structure factors of
the Ni–S or Nb–S isomorphic substitutions are calculated using the
available partial structure factors of the binary Ni59.5Nb40.5 melt.43 In
contrast, the reduced peak amplitude cannot be explained by both
the isomorphic substitutions.

Figure 4 shows a Stratton–Volyes plot obtained by FEM on the
Ni62Nb38 and Ni58Nb39S3 alloys in the glass state. A peak or plateau
indicates that the MRO length scale is matching the size of the probe
used. It can be seen that the peak position is very similar for the
binary and ternary samples. From the normalized variance curves,
the position of the first peak was determined to be between 4 and
5.5 nm−1. The mean position of the first peak that was determined
by fitting a Gaussian fit gives 4.86 ± 0.03 nm−1 for the Ni62Nb38
alloy and 4.88 ± 0.03 nm−1 for the Ni58Nb39S3 alloy, indicating that
the underlying MRO is on the same length scale. Furthermore, the
MRO volume fraction can be semi-quantitatively estimated from
the height of the normalized variance peaks.1,32,44 The absolute peak
height was measured at Vmax = 0.199 for Ni62Nb38 and Vmax = 0.173
for Ni58Nb39S3, which implies a slightly higher MRO volume frac-
tion, on the order of 20%, of the binary alloy. This is in line with the
observed decrease in the amplitude of the first diffraction peak of
the liquid S(q), indicating that the sulfur addition introduces more
disorder on the scale of both interatomic distances and MRO. How-
ever, overall the differences are rather small, which is most probably
due to the small sulfur addition that leads to a rather uniform spatial
distribution of the more covalent/directional bonds. In fact, with the
sulfur containing alloy presenting a rather similar MRO type, frac-
tion, and specific volume, a more coupled diffusivity at temperatures
close to T g , as experimentally observed for the sulfur containing sys-
tem with more covalent bonding character, would be expected and
is in line with the observed increased critical casting thickness of the
sulfur containing alloy.45,46

Elementary sulfur is known for its complex coordination
behavior and forms more allotropes than any other element. Con-
ceptually, it may be expected that adding sulfur to a metallic melt
considerably increases the topological variability and complexity. In
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FIG. 4. FEM analysis visualized in the form of Stratton–Voyles plots, i.e., peak
height at the first maximum in the normalized variance curves plotted against 1/R2,
shown for the Ni62Nb38 and Ni58Nb39S3 glasses.

particular, the covalent contributions of the interatomic interaction
potential between sulfur and other elements promotes geometri-
cal frustration. This is also known as a concept to improve GFA
of metallic melts via increasing the number of alloy elements, ide-
ally with different atomic sizes, which are more difficult to be
incorporated in possible crystal structures.

In fact, the crystallization behavior of the Ni58Nb39S3 alloy
from the levitated melt observed in the time-resolved synchrotron
diffraction experiment shows that no sulfur-containing compound
is involved as primary phases upon solidification, as shown in the
upper panel of Fig. 5. The Bragg reflections observed are identical
to those observed in the binary Ni62Nb38 alloy under similar condi-
tions,9 which match to those of Ni3Nb and Ni6Nb7. In contrast, in
the case of (Ni62Nb38)95S5, solidification of a different initial phase

FIG. 5. Diffractograms obtained during cooling of the melts prior to crystalliza-
tion and of the initial phases formed during the solidification of Ni58Nb39S3 and
(Ni62Nb38)95S5 alloys, observed in time-resolved synchrotron diffraction experi-
ments employing levitation. In the case of Ni58Nb39S3, no primary sulfur-containing
phase is observed, whereas the initial phase formed in the case of (Ni62Nb38)95S5
is NbS. The small shift in the position of the observed diffraction peaks can be
attributed to thermal expansions.

is observed, which is identified as NbS,47 as shown in the lower
panel of Fig. 5. Thus, for Ni58Nb39S3, crystal nucleation requires
long range diffusion of constituents, particularly the exclusion of
sulfur.48,49 The very weak changes of both the dynamics and the ther-
modynamic properties such as liquidus temperatures of the Ni–Nb
melt, at a sulfur alloying level as low as 3 at. %, indicates the likeli-
ness of such a mechanism to enhance GFA, whereas the formation
of primary sulfur-containing phases at 5 at. % sulfur addition seems
to deteriorate the GFA.

In summary, we studied the change in the structure and
dynamics of the Ni–Nb stable and undercooled melt and the glass
upon alloying 3 at. % sulfur, which exhibits the best combination
of GFA and thermal stability in the sulfur concentration range
up to 5 at. %. The ternary Ni58Nb39S3 alloy exhibits very similar
melt dynamics when compared to the binary Ni62Nb38, whereas the
ternary alloy seems to show more structural disorder. The enhanced
GFA is attributed to a geometrical frustration upon sulfur addition,
where incorporation of sulfur in the initial crystalline phases is hin-
dered. These results shed new light on the remarkable efficiency of
minor alloying to enhance the GFA of metallic alloys, as at both the
nucleation and/or growth stages, vitrification are highly sensitive to
atomic mobility and to the distribution of motifs.

The supplementary material contains the compositional depen-
dence of the critical casting thickness dc as well as of the thermal
stability of the undercooled liquid region ΔTx upon heating above
the glass transition temperature for various Ni–Nb–S alloys. This
also covers a variation of the Ni/Nb ratio at a sulfur concentration
of 3 at. %.
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