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This study investigates the glass-forming ability of Ni-Nb-P-based bulk metallic alloys through a systematic
analysis of their thermodynamic, kinetic, and crystallization behavior. Differential scanning calorimetry, vis-
cosity measurements, and in-situ synchrotron X-ray diffraction were employed to examine three compositions:
NigyNbgg, NiggoNbgggP, and Nigg ,Nbgs gTasP,. While all alloys exhibit a high thermodynamic driving force

:;:c?lsiltty for crystallization, the phosphorus- and tantalum-containing variants demonstrate significantly improved glass-
Cryitall}ilzation forming ability. This improvement is linked to increased viscosity and suppression of primary crystallization.

In particular, the addition of phosphorus promotes the formation of a phosphorus-rich intermetallic phase that
requires long-range diffusion, delaying crystallization. The combined kinetic slowdown and delayed phase
formation sufficiently retard crystallization, allowing fully amorphous samples up to 6 mm in diameter to be
produced, compared to 2 mm for binary Ni-Nb. These findings highlight how judicious micro-alloying can

enhance glass-forming ability through kinetic control of the crystallization pathway.

1. Introduction

Bulk metallic glasses (BMGs) represent a distinct class of metal-
lic materials characterized by an amorphous atomic structure that
lacks long-range translational symmetry. Due to the absence of grain
boundaries and other crystallographic defects, BMGs exhibit a unique
combination of properties such as high strength and hardness, en-
hanced corrosion resistance and, in some cases, favorable magnetic
performance [1-3]. These characteristics have made BMGs attractive
for a wide range of technological applications. However, the limited
glass-forming ability (GFA) of most systems restricts the maximum size
of fully amorphous components, posing a significant barrier to broader
technological implementation.

Improving the GFA of metallic glasses has therefore become a cen-
tral focus of alloy development. One widely adopted strategy involves
designing compositions near deep eutectics and incorporating multiple
elements with large atomic size mismatches and strong negative en-
thalpies of mixing. These features increase melt viscosity and promote
short- and medium-range atomic order, which together suppress nu-
cleation and growth of competing crystalline phases [4-6]. Among the
known glass-forming systems, Ni-based BMGs have attracted particular
attention due to their combination of high strength in the range of
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3 GPa, elevated glass transition temperatures about 900 K and excellent
corrosion resistance [7-9]. Within this class, the binary Ni-Nb system
stands out by achieving a critical casting thickness of up to 2 mm at
the close-eutectic composition Nig,Nbsg [10]. This has been considered
exceptional for a binary metallic glass and makes it a valuable basis for
further alloy optimization.

Recent work from our group has demonstrated that minor additions
of P can significantly enhance both the glass-forming ability (GFA)
and thermal stability of the Ni-Nb system. Critical casting diameters
of up to 5 mm were achieved through targeted P alloying. Subsequent
partial substitution of Nb with Ta led to a further improvement in GFA,
yielding fully amorphous rods up to 6 mm in diameter, far exceeding
the state of the art for Ni-Nb-based alloys [7,11,12]. Notably, micro-
alloying does not significantly affect the mechanical properties, with
only a slight reduction in fracture toughness that remains within the
range of comparable brittle crystalline engineering materials, making
these alloys highly promising for industrial applications [13-16].

The present study expands on previous results by systematically
characterizing the most promising compositions within the Ni-Nb-(Ta)
—(P) alloy families. Emphasis is placed on their thermodynamic prop-
erties, kinetic behavior, and crystallization processes, which are essen-
tial for a fundamental understanding of the glass formation process.
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Thermodynamics determines the stability of the supercooled liquid
and the driving force for crystallization. Kinetics governs the atomic
mobility and the time scales over which structural arrest occurs. Crys-
tallization studies reveal the transformation pathways, providing in-
sight into the thermal stability and structural evolution of the alloys.
Furthermore, information on crystallization enables the identification
of competing phases that emerge during cooling. This knowledge en-
ables the development of strategies to suppress these phases and further
improve the GFA of Ni-Nb-based alloys. Moreover, crystallization data
obtained during heating are also important for modern processing
techniques such as selective laser melting, where heat-affected zones
may cause previously solidified layers to crystallize over time. Under-
standing the thermal stability and crystallization pathways is therefore
crucial for both further alloy optimization and the expansion of pro-
cessing routes for Ni-Nb-based BMGs. By combining thermodynamic,
kinetic, and crystallization insights, the present work provides a co-
herent framework for understanding the mechanisms that govern the
enhanced GFA of Ni-Nb—(Ta)-P glass-forming alloys.

2. Experimental procedure
2.1. Sample production and characterization

Alloys of the compositions NigyNbgg, NiggoNbsggP,, and
Nisg oNbs3 gTasP, were synthesized from the high-purity elements Ni
(99.95 wt%), Nb (99.9 wt%), Ta (99.95 wt%) and P (99.999 wt%).
To incorporate P into the system, a NizP (Ni - 75 at%, P - 25 at%)
pre-alloy was first produced via inductive melting in a quartz tube
under a high-purity argon atmosphere. Further details of the pre-alloy
production can be found in Ref. [13]. Based on the target compositions,
the raw elements were alloyed with the appropriate amount of pre-alloy
and the elements in an electric arc furnace under a Ti-gettered high-
purity argon atmosphere (99.999% purity). Homogeneous element
distribution was ensured by flipping and remelting the ingots at least
five times. The master alloys were further processed via suction casting,
with dimensions well below the critical casting thickness of each
alloy, ensuring the production of amorphous specimens. The sample
dimensions are specified in the description of each method. Their glassy
structure was verified by conventional X-ray diffraction and differential
scanning calorimetry.

2.2. Differential scanning calorimetry

Thermal analysis was performed using a power-compensated
PerkinElmer DSC 8000 under a constant flow of high-purity argon
gas (Ar 6.0) using copper pans. The isobaric specific heat capacity
was determined using a step-method with a sapphire standard as a
reference, following the approach reported in Refs. [17,18]. A heating
rate of 0.333Ks~! was applied, with temperature steps of AT = 10K
and equilibration times of Ar = 120s. In the first measurement run, the
heat capacity of the glass and supercooled liquid (SCL) was recorded
up to crystallization. In a second measurement, the heat capacity of the
crystalline phase was determined. To obtain isothermal heat-capacity
data at multiple absolute temperatures, four measurements with an
identical step protocol (AT = 10 K, 4r = 120 s) were performed on fresh
samples, while only the starting temperature was shifted by 2.5 K. This
approach increases the effective sampling density, which is particularly
important in the supercooled liquid region (SCLR). The experimental
data are then modeled using the 'Kubaschewski’ equations to describe
the specific heat capacity of the liquid (cII) ) and crystalline state (c;‘) as
follows:

cl’,(T) =3R+aT + bT 2, @
and
ey(T)=3R+cT + dT?, (2)

with the universal gas constant R (= 8.314]J mol~!' K-1) and fitting
parameters a, b, ¢ and d.
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2.3. Low-temperature viscosity

The low-temperature viscosity near the glass transition was mea-
sured using a 3-point beam bending setup with a Netzsch TMA 402
F3 Hyperion thermomechanical analyzer (TMA). Rectangular beam-
shaped specimens, with a width of 2 mm and thicknesses between 0.3
and 0.6 mm to ensure a proper signal-to-noise ratio, were centrally
loaded with a constant force of 0.1 N. The midpoint deflection was
continuously monitored throughout the experiment, with the deflection
rate v being inversely proportional to viscosity, as described by [19]:

gL’? pAL]

T 1441,y
with g being the gravitational constant, L being the support span
(in this work: L = 10 mm), I, being the cross-sectional moment of
inertia, M the loading mass, p the density, and A the cross-sectional
area. Theoretical densities, calculated from the molar masses and alloy
compositions under the assumption of ideal mixing (i.e., without excess
volume), were used to determine the low-temperature viscosity. Fig.
A.1 in the appendix demonstrates that the viscosity obtained from
the TMA method is only weakly affected by the assumed density,
confirming that the use of theoretical density values is sufficient.

Two techniques were used to determine the viscosity in the deeply
SCL. First, continuous heating experiments at 0.333Ks™! up to the
onset of crystallization, allowing for the characterization of viscosity
within the SCLR. Additionally, isothermal measurements below the
kinetic glass transition temperature T; = 10'2 Pas) were performed
to determine the equilibrium viscosity at long time scales. For these
experiments, samples were heated at 0.333 Ks™! to the target tempera-
ture and held isothermally until a constant deflection rate was reached.
The resulting viscosity data were fitted using the Kohlrausch-Williams-
Watts (KWW) stretched exponential equation, describing the material’s
relaxation behavior, according to [20,21]:

N0 =Ny + Neg—g [l —exp(—(%))], 4)

with 5, being the initial viscosity of the glass before relaxation, #,,_,
being the viscosity increase during relaxation into the equilibrium
liquid on long time scales, = being the relaxation time and g being the
stretching exponent. The viscosity of the equilibrium liquid is obtained
via g = Ng + Neg—g-

y = ®)

1.6

2.4. High-temperature viscosity

Container-less electromagnetic levitation of a metallic droplet in
microgravity (TEMPUS: "Tiegelfreies Elektromagnetisches Prozessieren
unter Schwerelosigkeit") is an ideal method to determine the high
temperature viscosity of reactive metallic melts using a high-frequency
alternating magnetic field [22]. The advantage of this method is that
the melt does not come into contact with a crucible, thus avoiding
contamination of the material. These electromagnetic levitation ex-
periments can also be conducted on earth, however, the microgravity
condition has several advantages. Stable sample positioning can be
achieved with significantly lower field strengths, since the gravita-
tional forces are much smaller (~zero gravity) compared to terrestrial
conditions. This allows the electromagnetic Lorentz forces to be used
only for sample positioning rather than for levitation. In addition, the
reduced field strength minimizes the turbulent flow caused by induced
convection as well as the absence of Earth’s gravitational field allows
the droplet to be nearly spherical, which has a significant effect on the
accuracy of the obtained viscosity [23].

The experiments are carried out in an inert Ar-atmosphere with a
reduced gravity time window of around 22 s for each parabola. The
spherical sample (6.5 mm in diameter), which was previously produced
by suction casting, was preheated to 1200 K prior to each parabola
and then heated with a voltage of 10 V to a maximum temperature
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of ~1800 K upon entering the microgravity phase. The heating coil
was switched off and the droplet was compressed during He-quenching
by two excitation pulses to trigger an oscillation decay behavior. A
total of ten parabolas were performed, differing only in the maximum
temperature. In this way, a larger temperature range is covered, as the
onset of the excitation pulses is time-controlled so that they always
occur at different temperatures. The whole process was recorded with
a high speed camera with a frame rate of 400 fps and the movie was
further processed using a digital image software to obtain the radius
change of the droplet in X- and Y-direction as a function of time. The
decay over time as a result of internal friction of the sample can be
expressed with a cosine-damped function [23]:

r(t) =rg+ A cos(wt) exp(—It), ®)

with the radius change as a function of time r(¢), the quiescent radius
of the droplet r,, the oscillation amplitude A, the angular frequency w,
and the damping constant I'. Details can be found in Fig. A.3 of the
Appendix.

In the context of microgravity conditions, where turbulence, surface
layers and external forces are largely excluded, viscous damping be-
comes the primary dissipation mechanism. Then the damping constant
is directly proportional to the viscosity 5, given by [24]:

3mI’
20rgz’

where m is the sample mass, I the damping constant and r, the
quiescent radius. The radius r, was determined from the sample mass
and the theoretical density based on ideal mixing. In Fig. A.1 of the
appendix, it is demonstrated that using a theoretical density is sufficient
and has a negligible influence on the determined viscosity.

To ensure that the extracted damping originates exclusively from
viscous dissipation, the linearity of the oscillations was verified follow-
ing the established criteria proposed by Lohofer [25,26] and Wunder-
lich & Mohr [27]. Only stable, symmetric single-mode oscillations were
analyzed, and the damping rate was found to be independent of the
oscillation amplitude. This confirms that nonlinear, turbulence-related,
or surface-induced damping contributions are negligible. Together with
the absence of coupled modes and the fulfillment of the Rayleigh—
Lamb conditions, this ensures that the oscillation decay is governed
primarily by viscous dissipation. Additionally, the frequency-domain
representation of the oscillation signal was examined, and only oscilla-
tions whose Fast Fourier Transform spectra exhibited a single resonance
peak were considered for viscosity evaluation, as shown in Fig. A.2 of
the Appendix.

Since the TEMPUS experiments are performed during continuous
cooling, the viscosity values obtained represent an average over a
specific temperature range (typically about 25-50 K, see Appendix Fig.
A.4). More details on the oscillating drop technique can be found in
Refs. [22-24]

n(T) = (6)

2.5. Modeling of viscosity

The viscosities in the liquid can be described with different models.
A commonly used model to describe the change of viscosity n(T) as
a function of temperature and quantify the fragility is the Vogel-
Fulcher-Tamman (VFT) relation [28-31]:

D*T,
, )
T-T,

n(T) = noexp<

with D* being the fragility parameter, which describes the temperature
dependence of viscosity, T;, being the VFT-temperature at which the
viscosity diverges to infinity and 7, being the pre-exponential factor,
which describes the viscosity at infinite temperature. For each compo-
sition, 5, was estimated according to the relation n, = N4h/V,, (see
Table 4, where N, is Avogadro’s constant, / is Planck’s constant and
V,, is the molar volume [17,32].
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Table 1
Details of the experimental setup used for the high-energy X-ray diffraction
experiments at PETRA III of DESY.

Parameter Unit P21.1 P21.1 P21.2
Experiment - Furnace Levitation Levitation
Energy keVv 100 101.6 97
Wavelength A 0.12398 0.12203 0.12782
Beam size mm? 0.5 x 0.5 1x1 1x1

Perkin Elmer Perkin Elmer VAREX
Detector N

XRD1621 CsI XRD1621 Csl XRD4343CT
Resolution pixels 2048 x 2048 2048 x 2048 2880 x 2880
Pixel size pm 200 200 150

Additionally, the extended MYEGA (Mauro, Yue, Ellison, Gupta,
Allan) relation, which allows to describe the change in viscosity from an
initially fragile into a strong liquid, enables an improved extrapolation
of viscosity based on:

log n(T) = log ny + [T(V[ﬁexp(—%) + V[fzexp<_%>>] - 8)

with 7, representing the theoretical viscosity at infinite temperature
and C, and C, representing two different onsets, at which structural
constraints cause a floppy-to-rigid transition. Both contributions are
weighted by W, and W,. For more information on the physical back-
ground and the detailed derivation of this equation, the reader is
referred to the original papers [33,34].

2.6. High-energy synchrotron X-ray diffraction

In-situ high energy X-ray diffraction (HE-XRD) experiments were
performed to study the structure of the high temperature liquid in
two separate beamtimes at the beamline facility P21.1 and P21.2 of
PETRA III of the 'Deutsches Elektronensynchrotron’ (DESY) in Hamburg
using an electrostatic levitation (ESL) device. Spherical droplets weigh-
ing about 100 mg were levitated in an ultra-high vacuum (<10°® mbar)
and heated by two infrared lasers with a power of 75 W (4 = 808 nm).
The temperature was recorded with a pyrometer, which was cali-
brated to the melting point of the respective composition during post-
experiment analysis. The HE-XRD diffraction patterns were recorded
continuously with an acquisition time of 1 s for each diffraction pattern.

Additionally, furnace heating experiments were conducted at P21.1
to study the structural evolution of the glassy state up to the super-
cooled liquid using a Linkam TS1500 furnace. The initial temperature
protocol was performed from room temperature to 773 K with a heating
rate of 1 Ks~! and from there continued up to crystallization using a
rate of 0.333 Ks~!1. The change in heating rate was applied well below
the glass transition, i.e., in a temperature range where no structural
relaxation or other structural changes occur. The initial higher heating
rate was chosen to reduce measurement time, as structural changes in
this temperature range are limited to thermal expansion. The reduced
heating rate at temperatures close to the glass transition was chosen to
obtain better temperature resolution of the glass transition and SCLR.
The acquisition time of each recorded diffraction pattern was set to 5 s.
Table 1 summarizes the experimental details of each beamtime.

The acquired two-dimensional images were azimuthally integrated
using the PyFAI program [35]. After applying background scatter-
ing corrections and accounting for multiple scattering, fluorescence,
and Compton scattering with PDFgetX2 [36], the corrected intensity
function I(Q) was obtained.

3. Results
3.1. Thermodynamics of Ni-Nb-(Ta)-P

The thermodynamic functions are crucial parameters to understand
the GFA of a system, in particular the driving force for crystallization
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AG,_,. To obtain AG,_,, the Gibbs free energy curves are required,
which can be fundamentally obtained from the specific heat capac-
ity measurement of the liquid and crystalline state c:] (T) and c;‘(T),
respectively. While the ¢)(T") can be determined relatively easily in
a low-temperature power-compensated DSC with high accuracy via
the step-method, the available DSC sensor for the high-temperature
DSC was not sufficiently accurate for ¢/ (7)) measurements with a high
precision. This is connected to various problems, that are encountered
at temperatures exceeding approximately 1273 K. First, the sample
starts to emit significant amounts of thermal radiation, which is not
completely absorbed by the DSC sensor, leading to an incorrect heat
flow. Secondly, the high melting temperature of Ni-Nb alloys (about
1445 K) require special handling and preparation of the crucibles to
avoid reactions and thus contamination. Therefore, all crucible were
coated with an Y,O3 layer to avoid any reaction of the sample with the
crucible material. However, as the coating was applied manually, there
is potential variation in the mass of the individual crucibles of maxi-
mum +10 mg, thereby affecting the accuracy of the measurements. This
is unproblematic for standard scans, since the changes in the enthalpy
(e.g. AH, and AH)) are relatively large, however in the case of high-
precision cl’,(T) measurements, this becomes relevant as the changes
with temperature are relatively small. Moreover, the melt is highly re-
active at high temperatures around 7}, resulting in sample degradation
due to oxidation, irrespective of the constant argon flow throughout
the measurement. This is particularly pronounced when the melt is
maintained for an extended period in the high-temperature equilibrium
liquid, which is necessary for conducting c; (T') measurements.

To overcome this issue, an alternative approach based on the sim-
plification of the Kubaschewski equations was employed. It is known
that the region between the onset of crystallization T, and the liquidus
temperature 7; corresponds to the difference between the enthalpy of
fusion AH ; and the enthalpy difference AH,_,. In this context, the latter
corresponds to the measured crystallization enthalpy release AH, upon
reheating of an amorphous sample, leading to the following relation:

T
AH; — AH, = / Ay (T")dT', ©)
TX

which describes the area under the Acll,‘x curved between T, and 7; (see
Fig. 1).

By separating the integral of the specific heat capacity difference
into individual terms, the integral of the specific heat capacity of
the liquid [ c[’,(T’ )dT' can be described by the enthalpy of fusion
AH,, the crystallization enthalpy AH, and the integral [ c;(T’ )dT’,
which are properties easily accessible by calorimetric experiments. The
determination of c;; (T), in particular, is not an issue compared to c[’,(T),
as no severe sample deterioration or crucible reactions occur within the
applied temperature range (from room temperature up to 973 K), as the
solid state is distinctly less reactive. This results in:

T T
AH, - AH, +/ c;(T’)dT' = / cL(T')dT’. (10)
TX

x

The left—h_a%d side of the equation is abbreviated in the following
with the constant A, since AH ;, AH, are constant as well as / c;‘(T’ )dT'
within the specified temperature interval T, to T;. Now, Czlz(T)’ described
by the Kubaschewski Eq. (1), can be inserted into Eq. (10). Solving the
integral and transforming it according to the constant b results in:

T
A= BR+ aT’ + bT"2)dT’
T,

A=3R(T, =T~ 5T} =T}
Sb=

1D

T-1 T ’
x 1
with R being the universal gas constant (=8.314 J mol~! K1), and «
being a fitting parameter.
This reduction of the initial Kubaschewski equation containing two
fitting parameter (a and b) to a single parameter equation (only a, as
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Fig. 1. Molar heat capacity of the crystalline, glassy, and liquid states,
represented by black, blue, and dark-red symbols, respectively, for the best
glass-forming alloys (a) Nigg,NbgggP, and (b) Nisg,NbgsgTasP, of their
respective system. The corresponding fits c;) (T) and ¢y (T) are obtained ac-
cording to Egs. (1) and (2), respectively. As no data in the equilibrium state
were available, Eq. (1) was simplified by pinning the fit to the enthalpy of
fusion 4H, and crystallization enthalpy 4H,, as indicated by the gray area.
Additionally, the characteristic temperatures T, (glass transition), T, (onset of
crystallization), 7,, (melting temperature), and 7, (liquidus temperature) are
indicated. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

b can be described as a function of a according to Eq. (11)) allows a
proper determination of Cxlz(T) when the specific heat capacity of the
SCL in the vicinity of the glass transition is available. However, it
should be mentioned that the accuracy of this method is limited, as the
fit is based on a few data points in the SCL as well as the determined
values of AH, and AH,. No data for AH, over the full temperature
range from T, to T, are available in the literature for direct comparison.
However, the measured values of AH , (approximately 13.6-15.3 kJ g-
atom~!, see Table 3) are in close agreement with those reported for
similar Ni-Nb alloys in Ref. [37] (13.6 kJ g-atom™!). Since 4H, and
AH are determined from the same DSC measurement, the reliability
of AH indicates that the determined AH, values are likewise accurate.
Nevertheless, the specific heat capacity fit of the liquid should be
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Table 2

Fitting parameters of the Kubaschewski Eq. (1) and
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(2) for the best glass-forming alloy Nisg,NbsggP,

and Nigg ,Nbs; gTagP, of the ternary and quaternary system, respectively. a and b correspond to the fitting
parameters describing c"; (T), while ¢ and d are required for c;(T ).

Alloy a [x107%] b [x107] ¢ [x10%] d [x10°]

(J g-atom! K?) (J g-atom K) (J g-atom™ K?) (J g-atom! K?)
Nigg ,Nbgg gPy 6.2100 1.1665 2.6400 1.6268
Nigg ;Nbaz g TasP, 6.9700 1.2934 3.1600 1.4895

treated with caution due to the aforementioned constraints, which will
be critically discussed later on.

Molar heat capacity measurements were successfully conducted for
Nigg 9Nbgg gP5 and Nigg 9Nbgg g-TagP, (Fig. 1). The analysis of the
binary alloy Nig,Nbsg could not be performed due to the limited
stability of the SCLR and rapid crystallization. Given the isothermal
nature of the measurement technique and the relatively narrow SCLR
of the studied alloys, it is particularly challenging to obtain data points
in the SCL. Accordingly, the starting temperature was shifted by 2.5 K
for each measurement (4 measurements for each composition) to cover
a broader temperature range and improve data collection within the
SCL. Fig. 1 depicts the specific heat capacity data points for the glass
and glass transition region (blue symbols), a few data points in the
SCLR (dark red symbols), and the crystalline state (black symbols) of
a) Nigg 5Nbsg gP5 and b) Nisg ;Nbsz gTasP,. The most relevant char-
acteristic temperatures are indicated as T,, T, T,,, and T,. It should
be noted that 7, and 7, correspond to the values obtained with a
heating rate of 0.333 Ks~1, while T,, and 7, are independent of the rate.
The black curve represents the ey (T) fit according to the Kubaschewski
Eq. (2), while the dark red curve represents the fit of the liquid state
according to Eq. (1) and the ’pinning method’ described above. The
resulting fitting parameters are summarized in Table 2.

The Gibbs free energy, enthalpy, and entropy difference between
the (supercooled) liquid and the crystalline state is calculated based on
the previously determined fit functions ¢*(T') and ¢/ (T). The results of
both alloys are presented in Fig. 2 on the left for Nigg ,Nbsg P, and
on the right for Nigg ,Nbs3 gTasP,. The enthalpy of crystallization AH
as well as enthalpy of fusion AH, are indicated at the crystallization
temperature T, and liquidus temperature T;, indicating an overall
higher enthalpic state for the Ta-containing alloy. Nevertheless, the two
alloys exhibit comparable behavior, which is to be expected given their
similar composition. Below the fictive temperature 7, in the vitrified
state, the enthalpy difference remains approximately constant (neglect-
ing relaxation processes) with a certain residual enthalpy that has
been frozen-in. The fictive temperature, i.e. the freezing temperature
of cooling, was determined for a 5 and 6 mm amorphous rod (critical
casting size of Ni-Nb-P and Ni-Nb-Ta-P, respectively) according to
the Moynihan method [38]. As can be observed in Fig. 2a and d, the
enthalpy curve of the liquid state continues below 7, which represents
the SCL on long time scales. Given that a system is always driven
to reduce its free energy, the system will relax towards the more
favorable state of the supercooled liquid. This relaxation process is
typically observed at elevated temperatures in the vicinity of T, due
to an increased atomic mobility, such as during a scan measurement or
isothermal annealing.

An analogous course demonstrates the entropy difference AS,_, for
both alloys in Fig. 2b and e. In general, the entropy difference is de-
creasing due to the structural ordering towards a more pronounced SRO
and MRO with decreasing temperature until a well-defined structure
is frozen-in at the fictive temperature. The temperature at which the
entropy difference of the SCL intersects with that of the crystal (4S5,_, =
0) represents the Kauzmann temperature, Tyx. From a thermodynamic
perspective, Ty represents the lowest temperature at which glass transi-
tion must occur, as the entropy of a ’disordered’ liquid cannot be lower
than that of the corresponding ordered crystal [39].

The Gibbs free energy difference AG,_, can be determined from
the previously obtained enthalpy 4H,_, and entropy AS,_, difference

Table 3

The fictive temperature T, was determined by the Moynihan method. The
crystallization enthalpy AH,, enthalpy of fusion AH, entropy of fusion AS,
are determined from DSC measurements. The Gibbs free energy difference
AG,_, is calculated from the molar heat capacity functions of the liquid and
the crystal mixture. AG,T_";"”““ corresponds to the driving force according to the
Turnbull approximation.

Alloy

Parameter Unit Nigg yNbgg P, Nigg oNbgs gTagP,
T, X) 949 961

AH, (kJ g-atom?) 8.06 9.19

AH, (kJ g-atom™) 13.56 15.27

AS, (J g-atom K1) 8.93 10.00

AG,_, (kJ g-atom™) 3.95 4.45

AGTHnbal (kJ g-atom™) 5.0 5.66

curves, providing insight in the thermodynamic driving force for crys-
tallization. For Nigg ,Nbsg gP,, 4G,_, at the fictive temperature results
in a value of 3.95 kJ g-atom~!, while it yields 4.45 kJ g-atom™! for
Nisg oNbgz gTasP,. Alternatively, the Gibbs free energy difference can
be approximated according to Turnbull from the knowledge of the
enthalpy of fusion 4H, and the liquidus temperature T}, resulting for
Nisg oNbgg P, in a value of 5.09 kJ g-atom~"! and for Nigg ,Nbss gTasPy
in a value of 5.66 kJ g-atom~!. The Turnbull approximation is also
given as dotted line in Fig. 2. To further assess the reliability of this ap-
proximation, literature values of AH > T, [371, and T, [40] for binary
Ni-Nb were used to estimate the driving force for crystallization via
the Turnbull approximation, yielding a value of 4G} "/ = 5.15 kJ g-
atom~!, which closely matches the values determined in this work
for the Ni-Nb-P and Ni-Nb-Ta-P alloys. This comparison provides
valuable insight into the magnitude of the driving force and supports
the reliability of the pinning method described above. It can be seen
that the approximation yields high values in the driving force for
crystallization AG!“"/, resulting from the high entropy of fusion
relative to other glass-forming alloys. In contrast, AG,_, derived from
the specific heat capacity data is lower and rather represents the lower
boundary for the driving force for crystallization, as it additionally
accounts for the actual temperature dependence of the liquid heat
capacity. Accordingly, regardless of the method used, Ni-Nb-based
alloys exhibit a comparatively high thermodynamic driving force for
crystallization relative to many other metallic glass formers [4,41,42].

3.2. Low- and high-temperature viscosity and fragility

The viscosity and its temperature dependence in the deeply SCL
at low-temperature is assessed for a) NigyNbsg, b) Nigg 5Nbsg gP, and
¢) Nisg oNbgs gTagP,, as can be seen in Fig. 3. The left inset at the
top of each of the graphs presents a selection of isothermal TMA
measurements, which demonstrate the relaxation process from the
glassy state (for isothermal temperatures below T,) into the SCLR.
The data can be fitted with a KWW function (dashed-dotted lines),
providing information about viscosity on long time scales at the re-
spective isothermal temperatures. The equilibrium viscosities obtained
are represented by the blue symbols in the graphs. The abrupt rise
in viscosity at isothermal temperatures close to T, is attributable to
primary crystallization. A similar rise in viscosity is also observed in
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Fig. 2. The thermodynamic functions, including the difference in enthalpy (4H,_,), entropy (4S,_,), and Gibbs free energy (4G,_,) of the SCL with respect to the
crystalline state, are presented in (a), (b), and (c) for Nisq ,Nbsg gP, and in d), e), and f) for Nigg ,Nb,; gTasP,. The indicated parameters represent the Kauzmann

temperature, Ty, along with T,,

T, and T,, which represent the glass transition temperature, the crystallization temperature, and the liquidus temperature,

respectively. AH, corresponds to the crystallization enthalpy and 4H  to the enthalpy of fusion. The horizontal blue line represents the respective glassy state of
the critical casting size with a fictive temperature of 7, = 948 K for Nigg ;Nbyg P, and 7, = 958 K for Nigg ,Nbg3 s TasP,. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

the TMA scan, closely aligning with the onset of crystallization in the
DSC scan, as shown in the lower panel to serve as an orientation.

The TMA scan can be divided into three distinct regions. In the
low-temperature region (below T7,), the viscosity remains relatively
constant and exhibits considerable scatter, as the sample does not
undergo significant deflection in the glassy state. As the glass transition
region is approached, the system devitrifies and enters the SCLR. Here,
the viscosity declines continuously with increasing temperature (quasi-
Arrhenius or VFT-like behavior) until the liquid crystallizes. When
crystallizing, the alloy starts to behave like a solid, which is reflected
in the sudden rise in apparent viscosity. Interestingly, an anomalous
increase in viscosity is observed in Nisg 5Nbss gTasP, prior to crystal-
lization (red circle in Fig. 3c) and may be related to a phase separation
in the SCL, as often reported in glass-forming liquids [43-46]. Never-
theless, the fragility parameter D* and thus the kinetic fragility at low
temperatures can still be determined by fitting the SCLR of the scan
measurements in combination with the equilibrium viscosity at long

timescales determined from sub-T, relaxation experiments with the VFT
equation.

The obtained fragility parameters for all studied Ni-Nb alloys, along
with the corresponding fitting parameters, are summarized in Table 4.
The binary base alloy shows the most fragile behavior, with a fragility
parameter D* of 13.9, increasing to 17.2 for the P-containing Ni-Nb-P
alloy and reaching 18.3 for the quaternary Ni-Nb-Ta-P alloy. This
increase with the increased number of alloying elements is expected, as
the reduction of atomic mobility was the primary objective of the alloy
development conducted in Ref. [13]. Interestingly, binary Nig,Nbsg
already exhibits a relatively strong behavior, which is unusual for
binary alloys, as the fragility of those is expected to be rather in the
range of monoatomic liquids with a D*~2 or slightly higher [4]. For
this reason, most metallic glasses are typically multi-component alloys
with four to five components of different sizes to achieve stronger
liquid fragility [47]. Binary bulk glass-forming alloys, such as Cu-Zr
and Ni-Nb, generally appear to be an exception, as they exhibit reduced
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Fig. 3. Low temperature viscosity of (a) NigyNbsg, (b) Nigg,NbsggP, and (c)
Nigg ,Nbgs g TasP,. The plot is divided into three parts. The top left inset shows
the isothermal viscosity measurements below the glass transition, fitted by
KWW fits to describe the relaxation process from glassy state to the equilibrium
liquid on long timescales. The equilibrium viscosities are plotted as a function
of inverse temperature along a TMA scan measurement, which are both fitted
by the VFT equation (black dashed-dotted line). The lower panel shows the
DSC scan of the respective alloys and serves as orientation.
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atomic mobility even in their binary state. This is reflected in their
relatively low kinetic-fragility parameter m (=slope of viscosity at T;),
with Cu-Zr showing an m-fragility of 62 [48], comparable to that of
Ni-Nb with m = 60 (see Table 4). The trend to a progressively stronger
liquid is further evident in the thermal stability AT of the alloys, which
increases from 32 K for NigyNbag, to 49 K for Nigg ,Nbgg gP5, and 60 K
for Nisg,Nbss gTasP, and has been observed for earlier Ni-Nb and
Zr-based BMGs [49]. A more stable SCLR typically indicates higher vis-
cosities and thus higher resistance to crystallization (i.e. lower atomic
mobility), which is in accordance with the observed increase in GFA
when P and Ta is introduced.

Fig. 4a compares the high-temperature viscosity of Nig,Nbsg with
Nisg oNbgg gP,. The binary alloy was measured by Mauro et al. using
an electrostatic levitator as reported in Ref. [50], while the ternary
composition was measured during a parabolic flight campaign using
electromagnetic levitation. In the latter, the sample was rapidly heated
to the equilibrium liquid state by a heating coil, followed by free
cooling. During this cycle, two excitation pulses induced damped os-
cillations, and their decay correlates directly with viscosity according
to Eq. (6). The uncertainty in viscosity shown in Fig. 4 corresponds
to the mean value of the oscillation in the X- and Y-directions, both
fitted with a damped cosine function. The temperature error is a
consequence of the continuous cooling nature of the experiment. The
measured viscosities above the liquidus temperature (gray dashed line)
were in the range of 30 to 40 mPa-s, which is similar to the values
obtained by Mauro et al. for binary Ni-Nb [50]. When supercooled
below the liquidus temperature, the viscosity increases quickly to a
range of 60 to 80 mPa-s. For the binary alloy, even lower temperatures
and correspondingly higher viscosities could be measured, as ground-
based experiments are not limited by time constraints. In contrast,
the time window during the TEMPUS campaign was constrained to
approximately 20-25 seconds per cycle, during which the sample was
heated, cooled, and excited, limiting the extent of undercooling.

The high-temperature viscosity data were also fitted using a VFT-
equation, with the fit pinned to the viscosity at the kinetic glass
transition temperature 7 of each composition. This fitting revealed a
relatively fragile behavior, with a kinetic fragility parameter D*=6.6
for both the binary and ternary alloys. Such a discrepancy, where the
low-temperature fragility exhibits a considerably stronger temperature
dependence compared to the high-temperature liquid, is commonly
observed in metallic glass-forming liquids and is documented well espe-
cially for Zr-based multi-component BMGs [51-53]. When comparing
the data sets of both compositions, the viscosity and fragility appear
similar at first glance, which is not surprising as only a small amount
of P was added. Additionally, the atomic size of P is small and thus
expected to be highly mobile at elevated temperatures. Nonetheless,
when the temperature is normalized to the liquidus temperature to
allow a proper comparison of both compositions, a difference between
the binary and ternary alloy becomes apparent, as can be seen in
Fig. 4b. The P-containing composition exhibits slightly higher vis-
cosity at each normalized temperature, which is consistent with the
findings at low-temperatures also indicating slower kinetics. However,
these discrepancies should be interpreted with caution, given the small
differences between both alloys as well as the uncertainties of the
TEMPUS measurements. No data could be obtained for the quaternary
Nisg oNbgs gTasP, composition due to limited access to TEMPUS ex-
periments. However, based on the similarity of the binary and ternary
alloy, a similar viscosity behavior is expected for Nisg ,Nbg; gTasP, at
high temperature.

3.3. Crystallization behavior
Time-temperature-transformation (TTT) diagrams are measured to

understand the influence of alloying elements on thermal stability,
yielding insights how certain elements influence the atomic mobility
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Table 4
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Summary of the high and low-temperature VFT fitting parameters for the studied Ni-Nb alloys. While D*
and T, correspond to fitting parameters, 5, was calculated based on the molar volume, as described in
Ref. [4]. The kinetic glass transition temperature T; and the fragility index m (slope at ;) are derived
from the VFT fit. The reported errors represent the fitting uncertainties.
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Fig. 4. (a) High temperature viscosity of Nig,Nbsg and Nigg,Nbgg gP,. The
data for Nig,Nbyg were measured by ESL and are taken from Ref. [50], while
those for Nigg ,Nbgg sP, were obtained from TEMPUS measurements during a
parabolic flight campaign. b) Viscosity normalized to the liquidus temperature
of each composition. The normalization reveals differences in viscosity, with
Nisg ,Nbgg P, showing higher values at each normalized temperature, indicat-
ing a kinetic slowdown due to P addition. The dashed—-dotted lines represent
the VFT-fit.

by retarding or accelerating crystallization. Fig. 5a presents isother-
mal measurements and the lower portion of the TTT diagrams for
the best glass-forming composition of the respective binary, ternary,
or quaternary system at various temperatures. The signature of the
isothermal crystallization of NigyNbsg and Nigg oNbsg gP, exhibits a
striking similarity, manifested in the form of a double crystallization
peak. It is notable that the initial event is retarded by the minor
addition of phosphorus, as evidenced by an increased overlap of both
crystallization peaks for Nigg,NbsggP,. This destabilization of the
crystallization process was already visible from DSC scans with a
constant heating rate, where the onset for crystallization was pushed to
a higher temperature with increasing P-content, as previously reported
in Ref. [13]. Given that the initial crystallizing phase for Nig,Nbsg and
Nisg oNbsg gP, corresponds to the metastable M-phase [54], which will
be discussed in more detail further below, it appears that P destabilizes
this phase. A complete destabilization occurs when Ta is incorporated,
resulting in a single isothermal crystallization event, as shown for
Nisg oNbsz gTasP, in the lower panel of Fig. 5a.

The corresponding crystallization times, indicating 5 %, 50 % and
95 % crystallization, are given on the right in Fig. 5b. In order to
demonstrate the effect of each alloying element more clearly, the
temperature scale of the TTT diagrams has been normalized to the glass
transition temperature. It can be observed that the thermal stability,
or rather resistance against crystallization, increases from Nig,Nbsg
over Nigg 5Nbsg gPy to Nigg,Nbgs gTasP,. On such a scale, the low
thermal stability of the binary Nig,Nbsg alloy is evident from the faster
crystallization times at each normalized temperature T/Tg”'”"’ when
compared to the P- and Ta-containing alloys. Specifically, the latter
exhibits the best combination between high GFA, thermal stability and
resistance against crystallization within the Ni-Nb alloy family.

In-situ HE-XRD experiments upon heating from the glassy state are
shown in Fig. 6. Each plot is divided into three parts showing on the
left the evolution of all collected diffraction patterns as a function of
temperature. The adjacent panel shows the DSC scan of this alloy with
the same temperature scaling. The experiments were performed using
the same heating rate of 0.333 Ks~! as in the calorimetric experiments.
This allows a direct comparison of the exothermic events in the DSC
with the crystallizing phases. For a better overview and identification
of the crystalline phases, a selection of diffraction patterns has been
summarized in the right-hand figure, starting from the amorphous state
up to the formation of the individual compounds. The color-coding
from blue to red indicates the increasing temperature. The position of
each diffraction pattern is additionally marked with a colored dot in
the DSC scan.

Fig. 6 shows the evolution of the diffraction patterns upon heating
for NigyNbag, Nigg 5Nbgg gP5, and Nigg ,Nbs; gTasP,. When comparing
Nig,Nbgg and Nigg ;Nbsg gPo, both alloys look similar from their DSC
signal, although the first exothermic event consists of two peaks for
the NigyNbsg alloy and only one peak for the P-containing alloy.
The addition of P appears to destabilize the first crystallizing phase,
suggesting that this phase is no longer the primary phase upon heat-
ing in Nigg 5Nbsg gP,. However, in-situ measurements provide a more
nuanced picture. Once the atomic mobility is high enough for crystal-
lization to set in, the amorphous halo begins to sharpen not only for
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Fig. 5. Heat flow curves measured for different temperatures of (a) Nig,Nbsg,
Nigg ,Nbgg P, and Nigg ,Nbs; gTagP,. The temperature of the respective mea-
surement is color coded from the lowest temperature in blue to the highest
in red. The isothermal TTT diagrams at low temperatures are obtained by
integrating the exothermic crystallization peaks to calculate 5 %, 50 % and
95 % of the area, representing the amount of crystallization transformation.
(b) TTT diagram normalized to T;”“’ for these alloys. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

the alloy Nig,Nbsg, but also for Nigg ,Nbag gP5, indicating that the first
phase is not completely destabilized by P-addition. This is supported
by isothermal crystallization shown in Fig. 5, revealing similar crys-
tallization signature in both alloys. This raises the question of which
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crystalline structure can be assigned to this first phase. Several studies
have attributed it to the M-phase, similar to what has been observed
in the ternary Ni-Nb-Al system [54-57]. The expected M-phase was
simulated using the program VESTA [58] based on crystallographic
data from Ref. [59], as shown in Fig. 6 (violet curve). However, the
large number of Bragg peaks cannot be resolved in HE-XRD, as low-
temperature crystallization typically involves homogeneous nucleation
of crystals in the range of only few nanometers across the sample
volume due to the strongly reduced dynamics, resulting in rather broad
and diffuse instead of distinct reflexes. Consequently, identifying the M-
phase by HE-XRD alone is not feasible. Nevertheless, studies by Collins
et al. using transmission electron microscopy have conclusively shown
that the M-phase is indeed the first crystallizing phase in binary Ni-
Nb glass-forming alloys upon heating [56]. Given the similarity of the
HE-XRD signature observed in the Ni-Nb system to that observed for
Ni-Nb-P, it is reasonable to conclude that the M-phase also precipitates
in the latter system.

Irrespective of whether the alloy is NigyNbgg or Nigg Nbsg gP,, the
phase that subsequently precipitates at T, corresponds to the forma-
tion of NizNb, one of the equilibrium phases. This phase is indicated by
the appearance of a peak at Q-values around 3.1 A~1, which coincides
with the most intense Bragg peaks in the simulated diffractogram of
Ni;Nb (represented by the red curve). When passing the second distinct
exothermic reaction in the DSC, NigNb, forms, as evidenced by the
appearance of the most prominent Bragg peaks of that phase at O-
values of 2.5 A‘l, 2.8 A-1 and 3.3 A-1. At elevated temperatures (T,
around 1200 K), the remaining metastable M-phase decomposes into
Ni3Nb and NigNb,, resulting in a final structure composed exclusively
of these two phases, at least in the case of the binary Nig,Nbsg alloy
shown in Fig. 6a. These results match well with those observed for
NigoNb,y, which exhibits the same devitrification sequence from the
glassy state to the formation of the equilibrium phases at higher temper-
atures [56]. In the case of Nisq ,Nbsg gP5, however, the crystallization
sequence is similar in its early stages up to 7,3, with the exception
that an additional P-rich phase (Nb;Ni,P) emerges at high temperatures
(T,4), recognizable by the high-intensity Bragg peak at O = 2.8 A1 At
this point, it should be mentioned that the identification of Bragg peaks
in the in-situ HE-XRD measurements was challenging due to broad
peak profiles, initially suggesting nanocrystalline domains. However,
these features are primarily attributed to the limited resolution of
the P21.1 beamline setup. To improve phase identification, additional
ex-situ measurements were conducted at P21.2 after annealing the
same compositions at three distinct crystallization temperatures. These
measurements provided significantly higher peak resolution, enabling
a more reliable assignment of the crystallizing phases, as shown in Fig.
A.5 in the appendix.

The alloy Nigg ,Nbgs gTagP, crystallizes analogously to the ternary
alloy with the only difference that the metastable M-phase no longer
forms, as shown in Fig. 6¢c. This was already indicated in the low
temperature TTT diagrams, where the crystallization signature had
changed from a double to a single crystallization event. This is mainly
attributable to the inhibited atomic mobility, shifting the onset for
crystallization to even higher temperatures and thus destabilizes the M-
phase completely. Hence, the first phase that forms is NigNb at ~985 K
(first crystallization event), followed by NigNb, (second crystallization
event) and finally a P-rich phase at high temperatures. The individual
regions are marked in the contour plot and selected diffractograms of
the position marked in the DSC scan are shown in the right panel to
provide a better overview of all phases. No phases containing Ta are
indicated, however some Nb positions are likely occupied by Ta atoms
due to their chemical similarity.

In addition to crystallization from the glassy state, the GFA is pri-
marily determined during casting processes. Therefore, understanding
the crystallization sequence upon cooling from the equilibrium liquid
is crucial, particularly to assess the influence of P on the primary
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crystallizing phase. Containerless ESL HE-XRD experiments were con-
ducted to investigate the crystallization sequence during free cooling
of NigyNbsg, Nigg oNbsg gP5, and Nigg ,Nbss gTasP,. Each composition
was heated above the liquidus temperature and after switching off
the heating laser, the diffraction patterns were recorded during free
cooling of the samples. The contour plots in Fig. 7a, c and e show the
temporal evolution of the diffraction patterns of one ESL processing
cycle. The temperature was recorded with a pyrometer throughout the
cycle, resulting in the temperature cooling profile shown in the left
panel of Fig. 7b, d and f. Within these curves, different temperatures
are indicated to cover all stages from equilibrium melt to the SCL as
well as crystallization. These are marked as colored dots (color coding:
red = high T, blue = low T) with the corresponding diffraction patterns
shown in the right panel. The first appearance of a crystalline phase is
marked at the respective temperature.

In the binary Nig,Nbsg alloy, a liquid amorphous structure exists
between 1648 K (above the liquidus temperature, 7;) down to 1450 K,
which corresponds to an undercooling of approximately 116 K. Primary
crystallization of the orthorhombic Ni;Nb phase initiates at 1460 K.
The subsequent phase, trigonal NigNb,, crystallizes at a slightly higher
temperature of 1474 K due to the release of latent heat (recalescence),
which is in agreement with the expected phase sequence based on the
binary Ni-Nb phase diagram [60]. With the addition of P, the crystal-
lization sequence changes, as can be seen in Fig. 7c and d. In addition
to NizNb and NigNb,, another phase emerges during the crystallization
process. The formation of this phase is indicated by the appearance
of new Bragg peaks at 1409 K (blue arrows), which occur simultane-
ously to NizNb (red arrows). However, since the levitation experiments
were conducted in two separate campaigns, the phase identification
of Nisg 5Nbsg P, was more challenging due to the lower resolution of
the diffraction data collected with the PerkinElmer detector (pixel size
200 pm) at P21.1 compared to those obtained with the Varex detector
(pixel size 150 pm) at P21.2. Additionally, the improved Q-resolution
at P21.2 was also related to the larger sample-to-detector distance (~
1.6 m at P21.2 compared to ~0.6 m at P21.1), which reduced the
angular spread per detector pixel and thus enabled more precise peak
separation. Fig. A.5 in the appendix has already demonstrated the
discrepancy in peak resolution between both beamlines. Despite this
challenge, it is evident that the crystallization process clearly differs
from that of the unmodified binary alloy. The alloy Nigg 5Nbss gTasP,
provides a clearer picture, as shown in Fig. 7e and f (measured again
at P21.2), where a new Nb-rich intermetallic with high phosphorus
content (Nb3Ni,P [61]) crystallizes simultaneously to NizNb. The ap-
pearance of such an additional primary phase is not unexpected, as
it is commonly observed upon micro-alloying of metalloids [62]. An
in-depth assignment of this P-rich phase can be found in our previous
study in Ref. [13]. Upon further cooling NigNb, additionally forms in
all compositions. The only potential difference for the Ta-containing
alloy may be that some of the Nb atom positions in the crystallizing
phases are replaced by Ta following Vegard’s law [63]. This is related to
the fact that both elements are chemically and topologically equivalent.
Furthermore, the Ni-Ta system exhibits identical pendants in terms of
crystal structures due to their chemical similarities.

4. Discussion

The driving force for crystallization is represented by the Gibbs
free energy difference AG,_, between the liquid and the crystal, with
high AG,_, values, indicating a higher driving force for crystallization
and hence a higher probability for nucleation. AG,_, for Ni-Nb BMGs
were determined based on molar heat capacity measurements being
high, in particular when compared to other bulk glass-forming compo-
sitions. This is evident from Fig. 8, showing the T;-scaled temperature-
dependent AG,_,(T') curves for various alloys. Since the obtainable data
points in the SCL were limited due to the narrow SCLR, the driving
force was additionally estimated based on the Turnbull approximation.
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This estimation requires information about the entropy of fusion 4S5,
which can be calculated from the measured enthalpy of fusion 4H,
and the liquidus temperature 7;, which are within the same range as
the binary alloy measured by Mukherjee et al. [37]. This consistency
supports the reliability of the results and confirms the observed high
driving force for crystallization. However, the origin of a high GFA of
a system does not solely rely on the driving force for crystallization, but
also on various factors as elaborated by Gross et al. [64]. For instance,
from a thermodynamic point of view, the interfacial energy between
the liquid and crystal is another important factor that contributes to
glass-formation. However, to estimate an interfacial energy (e.g. by
JMAK fitting), the TTT diagram across the whole temperature range
needs to be available. This is not the case for Ni-Nb-based alloys due
to the high-temperature nature of this alloy family and the associated
oxidation issues, as mentioned earlier. Although the interfacial energy
cannot be directly determined, minor alloying may be an effective
method to increase the liquid—crystal interfacial energy as postulated in
Ref. [65], which could be a contributing factor to the observed increase
in GFA from a thermodynamic point of view. Given that the liquid
structure of Ni-Nb alloys is dominated by icosahedral motifs [66-69],
as observed experimentally and by simulation for Ni-Nb-based alloys,
a substantial structural mismatch with the primary precipitating phases
characterized by their complex unit cells (orthorhombic NizNb and
tetragonal Nb;Ni,P) is expected to result in a high interfacial energy.
Therefore, despite having a high driving force for crystallization, Ni-Nb
glasses may be thermodynamically stabilized by a high liquid—crystal
interfacial energy. However, the thermodynamic contribution is not
always the most important factor for glass formation, as systems such
as Zr, Fe-, and Mg-based BMGs are rather stabilized from a kinetic point
of view [70-73].

Such a slowdown in liquid dynamics appears to be decisive for glass
formation in Ni-Nb alloys, which exhibit sluggish kinetics, particularly
when P is present in the alloy. Fig. 9 presents viscosity data from
low- and high-temperature measurements plotted against inverse tem-
perature. It displays various fits, with both temperature ranges fitted
separately using the VFT-model (dashed-dotted lines) and collectively
using the extended MYEGA model (solid black line). The individual
fits reveal a considerable difference in the temperature dependence
of viscosity, showing a significantly more fragile behavior at high
temperatures with D* = 6.6 compared to D* = 13.9 for NigyNbsg
and D* = 17.2 for Nigg ,Nbsg P, at low temperatures. This contrast
between a fragile high- and strong low-temperature liquid aligns with
observations in numerous metallic glass-forming liquids and is linked
to significant structural ordering during the cooling process [34,70,75-
771. A high-temperature fragile liquid tends to show less MRO, with
its viscosity following a non-Arrhenius behavior. The transition from
such an non-Arrhenius behavior to a ’quasi-Arrhenius’ (rather linear)
behavior, is thought to origin from the development of densely packed
structures that create a more pronounced MRO [75,78]. This suggests
that significant changes in the liquid structure are necessary to account
for the sharp increase in viscosity, which is related to the change in
liquid fragility, a phenomenon typically referred to as the fragile-to-
strong transition. Similar behavior has been observed in a variety of
glass-forming alloys, such as Zr-based [53,75,79], Fe-based [70,76] and
La-based alloys [34], where the temperature dependence of viscosity
also shifts from high fragility at high temperatures to low fragility at
low temperatures. Such discrepancies are often observed when the VFT
equation is used to model viscosity over several orders of magnitude.
Therefore, it fails to properly describe the entire temperature range,
prompting the use of alternative models. In this context, the extended
MYEGA model is applied, consisting of two components that represent
the strong low-temperature and fragile high-temperature regions. In
simple terms, this model can be viewed as a combination of two VFT-
functions into a single framework to accurately describe the viscosity
behavior across various orders of magnitude. Therefore, the m-fragility
values derived from the extended MYEGA fit (m = 54 and 49) closely
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Fig. 8. Gibbs free energy difference AG,_, between SCL and crystalline
mixture normalized to the liquidus temperature 7, of Ni-Nb-(Ta)-P alloys
compared to various other bulk glass-forming liquids. The data of those alloys
are taken from Refs. [41,42,74].

Table 5

Summary of the extended MYEGA fitting parameters for Ni-Nb-(P) alloys. The
kinetic glass transition temperature T; and the fragility index m (slope at ;)
are derived from the extended MYEGA fit.

Nig;Nbsg Nisg ;Nbg gPy
high T low T high T low T
w; - 4.10 1.15 x 1073 200.46 1.01 x 1073
C; (K) 12756.9 2439.7 17 855.5 2327.8
o (1072 Pas) 1.08 1.81
T; K) 901 914
m - 54 49

match those obtained from individual VFT fitting (m = 60 and 52)
for NigyNbsg and Nisg ;Nbgg gPy. Overall, the key advantage of the
extended MYEGA model is that it effectively addresses the FST. Further-
more, the viscosity prediction appears to be significantly more precise,
closely aligning with data points at both high- and low-temperatures. In
particular, the high-temperature data show good agreement, in contrast
to the VFT-fit, which models those data less accurate, as is evident in
the insets of Fig. 9. A summary of all fitting parameters, including the
kinetic glass transition temperature T; and m-fragility, can be found in
Table 5.

To summarize the findings of the crystallization process, schematic
TTT diagrams are constructed for the best binary, ternary, and qua-
ternary Ni-Nb-based glass-forming compositions. These diagrams are
based on the HE-XRD in-situ crystallization studies during heating and
cooling, as well as critical casting size data for each composition.
The objective is to provide a graphical visualization of the crystalline
phase evolution on the basis of the alloying strategy. The diagram of
the binary composition is shown in Fig. 10a, with the crystallization
curve of NizNb (red curve) located at shorter times in comparison to
NigNb, (black curve), corresponding to the phase sequence observed
during continuous cooling from the liquid state. This is consistent with
the phase sequence one would expect from the phase diagram (see
Ref. [60]), as the composition is located on the Ni-rich side of the eu-
tectic. The drawn cooling curves indicate a critical casting size of 2 mm,
which means that casting at larger dimensions leads to crystallization,
forming NisNb and NigNb,. An estimate of the critical cooling rate can
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Fig. 9. Overview of the viscosity data across the whole temperature range
for (a) Nig,Nbsg and (b) Nigg,NbsggP,. Viscosity data points from TMA
measurements at low temperatures (scan: dark blue circles, isothermal: blue
circles), electrostatic levitation experiments (taken from Ref. [50]), and TEM-
PUS experiments at high temperatures (red circles) are plotted over inverse
temperature. In (b), the binary Ni-Nb high-temperature data are additionally
shown to highlight that the addition of P does not significantly alter the
viscosity of the high-temperature liquid. The data are fitted using the VFT
model to describe the low- and high-temperature datasets individually, while
the extended MYEGA model is able to describe the viscosity behavior across
the entire temperature range. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

be calculated from the critical casting thickness d, according to the
empirical equation proposed by Lin et al. (R = lO/dcz, d, in cm; R, =
250 Ks~1) [80]. Notably, the metastable M-phase (violet curve) is not
encountered during cooling, but appears during crystallization upon
heating from the glassy state. This phase subsequently decomposes into
Ni3Nb and NigNb,, leaving a final structure composed of both eutectic
phases analogous to the structure when crystallized during cooling.
This is not only confirmed by the HE-XRD synchrotron data, but also
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supported by the findings of Collins et al. who used electron microscopy
to analyze a similar Ni-Nb alloy [56].

The effect of P on the crystallization curves of NizNb and NigNb; is
shown in Fig. 10b (solid red and black lines), which shows that both
phases shift to longer times due to a significant increase in GFA up
to 5 mm. In addition, a P-rich compound forms alongside NizNb in
P-containing alloys, which is not only observed for the Nigg ;Nbsg gP5
composition, but also for Nigg ,Nbs3 gTagP,. Similar changes in crystal-
lization behavior were observed when S was introduced into the Ni-Nb
system, leading to the precipitation of NiS, a compound highly enriched
in S, analogous to the results of micro-alloying with P [81]. Further
EDX analysis of the ESL-processed (Nig,Nbsg)gsP5 sample, as presented
in our previous study (Ref. [13]), revealed that the P solubility in the
primary NizNb phase is close to zero, requiring long-range diffusion of
P for crystal nucleation. This also applies to the formation of NbsNi,P,
which requires significant local P enrichment in the liquid. As a result,
at higher P concentrations (>2 at%), the liquid can more easily become
enriched in P, promoting the nucleation of the P-rich primary phase,
which reduces the GFA due to its higher nucleation tendency com-
pared to the eutectic phases. However, when P is alloyed in optimized
quantities (about 2 at%), the formation of NizNb is retarded due to
the inability of NizNb to accommodate P in its crystalline structure,
while it also reduces the melt dynamics, culminating in the observed
enhancement of the critical casting size from 2 mm up to 5 mm [13].
This kinetic slowdown is also observable at low temperatures, as re-
vealed by the stabilization of the SCL from initially no stable SCLR
due to the formation of the M-phase to a broad SCLR of 49 K due
to the partial destabilization of this phase. Considering the efficient
cluster packing concept proposed by Miracle et al. [82], P is likely
located in interstitial sites (octahedral or tetrahedral sites) within the
densely packed amorphous structure, which reduces local free volume
and lowers atomic mobility. This decreased mobility retards early-
stage crystallization processes and thereby contributes to the observed
suppression of the metastable M-phase during heating. This is further
supported by the isothermal TTT experiments, which show that the
onset for crystallization is shifted to longer times. Nevertheless, the
M-phase still appears in the calorimetric signature as well as in the HE-
XRD measurements, as shown in Fig. 5. Thus, the M-phase is shifted to
higher temperatures, almost coinciding with the formation of NizNb,
which is the subsequent crystallizing phase emerging from the glassy
state.

As shown in Fig. 10c, the introduction of Ta into the Ni-Nb sys-
tem does not alter the crystallization sequence substantially, with the
Nb;3Ni,P, Niz(Nb,Ta) and Nig(Nb,Ta); phases remaining almost un-
changed during cooling. The main differences are found in the latter,
which can be considered as mixtures of orthorhombic Ni;Nb and Ni;Ta
as well as trigonal NigNb, and NiTa, as they exhibit identical crystal
structures and are therefore miscible with each other. In addition,
proper amounts of Ta shifts the crystallization 'noses’ to even longer
times, resulting in improved critical casting size up to 6 mm. This
increase is coupled with improved kinetic stability, which is also re-
flected in the complete destabilization of the metastable M-phase in
the low-temperature part of the TTT diagram, as confirmed by HE-
XRD and DSC measurements. This improved kinetic stability is likely
related to the atomic-size mismatch introduced by Ta, which slows
long-range diffusion in the supercooled liquid, increases the nucleation
barrier of metastable phases, thereby promoting direct crystallization
into the thermodynamically stable equilibrium compounds. As a result,
the SCLR is extended to a maximum of 60 K, which is the highest for
these three alloys, demonstrating the beneficial effect of Ta on both
phase stability and crystallization behavior in the Ni-Nb system.

5. Conclusion
This study demonstrates that the exceptional glass-forming ability

of Ni-Nb-based bulk metallic glasses cannot be explained by thermody-
namic driving forces alone. Despite a high Gibbs free energy difference
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Fig. 10. Schematic TTT diagrams deduced from in-situ crystallization at
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Nigg ,Nbgs gTasP,. The evolution of the crystallization curves can be observed
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high temperatures. Furthermore, no M-phase can be observed for the Ta-
containing composition. R represents the cooling rate of the respective rod
diameter.
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Fig. A.1. (a) Low-temperature viscosity calculated using the theoretical density in comparison to density values of 8.00 and 9.00 g cm~3, spanning the expected
density range of Ni-Nb alloys. The curves overlap, indicating negligible influence of density on the determined viscosity. (b) TEMPUS viscosities evaluated using
the same density range, likewise showing no noticeable deviation from the theoretical-density result.

between the liquid and crystalline phases, indicative of a large nucle-
ation probability, glass formation is favored due to kinetic stabilization
and changes in the crystallization pathway. Minor additions of P and
Ta significantly enhance the GFA by promoting a kinetic slowdown
of the undercooled liquid and modifying the crystallization sequence.
Viscosity measurements reveal a transition from fragile to strong liquid
behavior during supercooling, indicating reduced atomic mobility and
greater resistance to crystallization. The extended MYEGA model cap-
tures this behavior across a wide temperature range, providing a more
accurate description compared to the conventional VFT model. From a
structural perspective, the presence of icosahedral motifs in the liquid
state and their mismatch with the crystalline phases (NizNb, NigNb.,
Nb;Ni,P) suggests a high liquid-crystal interfacial energy, which may
raise the nucleation barrier and further stabilize the supercooled liquid.
In-situ crystallization studies support this mechanism, showing delayed
formation of eutectic and P-rich phases at moderate P levels, while
excessive P contents favor simpler crystalline phases that reduce GFA.
In summary, improved GFA results from a synergy of kinetic slow-
down, structural mismatch and altered phase selection rather than a
reduction in thermodynamic driving force. These findings highlight the
effective role of microalloying with P in the Ni-Nb system in enhancing
glass formation by modifying the crystallization pathway and reducing
atomic mobility, while improvement from Ta is primarily attributed to
additional kinetic slowdown resulting from atomic size mismatch and
the confusion principle.
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Appendix

A.1. Effect of theoretical density on viscosity results

To assess the influence of the assumed density on the low-
temperature viscosity extracted from the TMA beam-bending method,
the viscosity of Nig,Nbsg was recalculated using three density values:
8.00, 8.73, and 9.00 g cm~3. The value of 8.73 g cm~3 corresponds
to the theoretical density derived from the alloy composition, whereas
the range 8.0-9.0 g cm™3 covers the values typically reported for
amorphous (~ 8.6 g cm~3 [83]) and equilibrium liquid Ni-Nb alloys
(~ 8.2-8.4 g cm™3) in literature [37]. Fig. A.1 a) shows that the
resulting viscosity curves are essentially indistinguishable over the
relevant temperature interval, demonstrating that the TMA method
is only weakly sensitive to variations in density and that the use of
theoretical densities is sufficient for reliable viscosity determination.
A similar analysis was performed for the viscosity obtained from
the TEMPUS oscillating-drop method. Using the same density range
(8.00 and 9.00 g cm~3) resulted in viscosity values that overlap with
those based on the theoretical density and remain well within the
experimental uncertainty, as shown in Fig. A.1 b). This confirms that
the influence of the assumed density on the TEMPUS-derived viscosity
is also negligible.
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time for a single parabola. The spikes in the coil voltage correspond to the
excitation pulses, labeled as (a) and (b). The resulting damped oscillations for
each pulse are shown in panels (a) and (b) along the damped cosine fit.
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Fig. A.4. The black curve represents the droplet oscillation in Y-direction,
while the red curve indicates the temperature drop due to the nature of the
continuous cooling experiment. The average temperature is obtained from the
start and end of the oscillation. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

A.2. TEMPUS evaluation

To verify that the oscillations used for the viscosity evaluation
arise from a single well-defined oscillation, the recorded signals were
transformed into the frequency domain using a Fast Fourier Transform.
In this representation, coupled oscillations or surface-related nonlin-
earities would appear as secondary peaks. Representative spectra at
1470 K and 1600 K are shown in Fig. A.2. In both cases, a single
resonance peak is observed, with no additional frequency components.
The resonance frequency changes only slightly between the two tem-
peratures (29.6 Hz to 29.9 Hz), indicating that the character of the
oscillation remains effectively unchanged in the examined temperature
interval. The frequency-domain analysis therefore confirms that the
oscillations used for the viscosity determination correspond to a single
oscillation and that the observed decay reflects viscous dissipation.

A typical process cycle of one parabola with the most important
parameters of temperature, heating coil voltage and gravitational forces
in z-direction as a function of time is shown in Fig. A.3. Two excitation
pulses were applied to trigger an oscillation decay behavior, as shown
in Fig. A.3a and b. The inset in Fig. A.3b depicts the initial excitation
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Fig. A.5. Comparison of the Bragg peak resolution between the DESY beamlines P21.1 and P21.2. The HE-XRD patterns of P21.1 were taken at the respective
temperature from the in-situ scan measurements shown in Fig. 6, while the patterns of P21.2 were first annealed ex-situ at this temperature and then measured

by HE-XRD at P21.1.

of the droplet, which decays over time as a result of internal friction of
the sample.

Since the TEMPUS experiments are performed during continuous
cooling, the viscosity values obtained represent an average over a spe-
cific temperature range. For instance, the onset of the oscillation shown
in Fig. A.4 was identified at 1550 K, while it largely decayed at 1499 K.
This results in an average temperature of 1525 K+26 K, which is
regarded as the temperature error of this particular oscillation. It should
be noted that the temperature error decreases with progressive cooling
as oscillations decay faster due to the increase in viscosity. Moreover,
the cooling rate has a shallower profile at lower temperatures, also
reducing the temperature error.

A.3. HE-XRD resolution

The identification of Bragg peaks in low-temperature HE-XRD shown
in Fig. 6 of the manuscript presented notable challenges due to the
broad peak profiles, which initially suggested the presence of small
crystallite sizes. However, these broad peaks are primarily attributed
to the experimental setup at beamline P21.1. This becomes evident,
when comparing those data to ex-situ measurements of the same
compositions, which were additionally performed at beamline P21.2, as
shown in Fig. A.5. These samples were first annealed in a DSC at three
different temperatures, representing the crystalline state after each
exothermic event (see Fig. 6 in the manuscript). The discrepancy in
resolution between the two beamlines is striking and can be attributed
to a number of factors, including the sample-detector distance, the
beam energy, and the detector type. In order to achieve a Q-range of at
least 15 A~1, the sample-to-detector distance varied between the two
setups, with P21.2 employing a larger distance (~1.6 m) compared to
P21.1 (~0.6 m) due to the different beam energies used. Beyond this
difference in geometry, the improved resolution at P21.2 can also be
attributed to advances in detector technology, in particular the smaller
pixel size of the Varex detector (150 pm compared to 200 pm for the
PerkinElmer detector at P21.1). This combination of larger sample-to-
detector distance and smaller pixel size primarily contributed to the

enhanced resolution of the diffraction patterns, thus considerably fa-
cilitating the identification of the crystallizing phases described above.
Furthermore, this discrepancy in experimental resolution between the
two beamlines is also evident for the crystallization sequence from the
equilibrium liquid.
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