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Abstract

Abstract

Bulk metallic glasses have long been considered a pipe dream in solid state physics, as metallic
liquids, when cooled below their liquidus temperature, show an extremely high tendency
towards crystallization. To engineer bulk metallic glasses, in-depth metallurgic knowledge was
needed to find the correct interplay of sluggish crystallization kinetics, accompanied with slow
atomic mobility in the melt and a low thermodynamic driving force to form a crystal. One
system that fulfils these criteria is the noble metal based Pd-Cu-Ni-P, as well as its
compositionally similar Pt-Cu-Ni-P system. In this work the main thermophysical properties
that enable the glass-formation in these systems are evaluated regarding kinetic, dynamic and
thermodynamic properties. On the base of this data, high-energy X-rays are utilized to study
the microscopic structure and its thermal evolution. The work revealed direct connections
between these thermophysical properties and the thermally induced changes of the structure.
Further, the connection of different structural units to mechanical and thermodynamic
properties is suggested and experimentally underlined contributing to the understanding of the
embrittlement mechanism of metallic glasses. Further progress in fundamental research was
made in the field of atomic dynamics. We report first experimental evidence of a dynamic slow-
down in a metallic liquid at wave-vectors corresponding to a spacing larger than the average

interatomic distance.



i Zusammenfassung

Zusammenfassung

Metallische Massivglidser wurden in der Festkdrperphysik lange Zeit fiir einen unerfiillbaren
Traum gehalten, da Metallschmelzen, wenn sie unter ihre Liquidustemperatur gekiihlt werden
eine hohe Kristallisationsneigung haben. Um metallische Massivglidser herzustellen ist
tiefgehendes metallurgisches Wissen vonndten, um ein Legierungssystem mit dem richtigen
Zusammenspiel aus langsamer Kristallisationskinetik und einer geringen thermodynamischen
Triebkraft zur Kristallisation zu finden. Ein System, das dies erfiillt ist das Pt/Pd-Cu-Ni-P-
System. Im Rahmen dieser Arbeit werden die wichtigsten thermophysikalischen
Charakteristika, die die Glasbildung in diesen Systemen ermdglichen, hinsichtlich kinetischer,
dynamischer und thermodynamischer FEigenschaften bewertet. Zwischen diesen
thermophysikalischen Eigenschaften wurden direkte Abhéngigkeiten zu den thermisch
bedingten Verdnderungen der vorliegenden Struktur gezeigt. Dariiber hinaus wurde ein
Zusammenhang von unterschiedlichen Struktureinheiten mit den mechanischen und
thermodynamischen Eigenschaften erarbeitet und experimentell untermauert, was grundlegend
zum Verstdndnis des Versprodungsmechanismus von metallischen Glédsern beitrdagt. Weitere
Fortschritte in der Grundlagenforschung wurden im Bereich der atomaren Dynamik erzielt.
Erstmals wurde eine verlangsamte Dynamik bei Wellenvektoren, welche einem groferen
Abstand als dem mittleren interatomaren Abstand entsprechen, in metallischen Fliissigkeit

experimentell nachgewiesen.
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Introduction

1. Introduction

Conventionally solid metallic materials feature a periodic structure with a translational
symmetry. This state of atoms being arranged in a long-range ordered lattice structure, with
well-defined positions of the atoms, is called crystalline. In contrast, metallic liquids do not
feature such a long-range order, but are seemingly disordered, which is called amorphous.
Nevertheless, it must be pointed out that even in a liquid, there are certain degrees of ordering
relations as the metallic atoms tend to form clusters. These different kinds of arrangements are
called short-range (SRO) or medium-range order (MRO). Whereas SRO is just involving
ordering relations between directly neighboring atoms, covering length scales around 2-3 A,
the MRO already involves the surroundings up to the third or fourth neighboring atomic shell,
leading to length scales of around 10 A or even more. In simplified terms the SRO merely
describes the type(s) of cluster(s) the atoms prefer to be arranged in, whereas the MRO can
basically originate in specific arrangements of these clusters between each other. The term
amorphous, whose origin is found in Greek and literally translates to “without a shape”, is often
connected to the word “disordered”. However knowing about the existence of SRO and MRO
in it should not be taken too literally, as it would rather describe an ideal gas that is actually

disordered, instead of a liquid or a glassy structure.

Amorphous metals or metallic glasses combine characteristics of both liquid and solid state:
while being solid they do lack the long-range order and translational symmetry of a crystalline
metal but resemble the structure of a liquid. This lack of long-range order leads to a unique
combination of thermophysical and mechanical properties and even allows so-called thermo-
plastic forming [1-3]. The latter is a property originally known for thermoplastic polymers or
silicate glasses (or in general glasses'), but not for metals. The absence of a crystalline lattice
leads to completely different deformation behavior leading to close to theoretical strength, a

high hardness, combined with an elastic limit of up to 2% [1].

! Different to ordinary language the term glass describes an amorphous solid, no-matter of being a metal, a
polymer, or a silicate, for which the term is conventionally used.
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In order to obtain the desired glassy state, the amorphous structure of the liquid somehow needs
to be preserved. This means that the crystallization of the respective liquid needs to be

successfully suppressed during cooling.

During cooling below the melting point, certain numbers of atoms can accumulate through
thermal fluctuations and form a so-called crystalline nucleus. Fortunately, this process creates
an interface between the energetically favorable volume of the crystalline nucleus and the
surrounding liquid state, that is energetically unfavorable. In the end, the initial size of the
nucleus with a radius r* decides on the balance between energetic gain due to the crystalline
volume (x r3) and the effort to create the interface between liquid and crystal (« r?), which
determines whether the crystalline nucleus prefers to dissolve or to grow. Without this
additional energetic contribution of the interface, undercooling of liquids below their melting
point would be virtually impossible. Ultimately, the statistical nature of the thermal fluctuations
that are needed to create the nuclei, resulting in a time dependence of the nucleation process,

can be used to successfully limit the number of overcritical nucleation events by rapid cooling.

In this context, this means that any liquid has the general ability to form a glass. However, its
propensity to do so varies significantly among different systems. One of the determining factors
is the mobility of particles in the liquid, which strongly depends on the structural units that are
formed by the atoms or even molecules in the liquid. It is one of the determining properties of
a liquid, on how much effort, i.e. sufficiently high cooling, is needed to successfully bypass the
crystallization event. For conventional glasses of everyday use, such as silicate glasses or most
polymers, no rapid quenching is needed to form a glass. The governing structural units, SiO4
tetrahedra or long chain-molecules, are found to be substantially large with strong interactions,
making them rather sluggish for ordering processes on a long range. In comparison the simple
structure of a metallic melt leads to a very high mobility of atoms rising the tendency to
ultimately end up rearranging in the highly ordered and energetically favorable crystalline

structure.

2 The nucleus is in a first approximation assumed to be spherical, as a sphere geometrically provides the highest
volume to surface ratio.
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Figure 1-1: X-ray diffraction pattern of the first amorphous metallic alloy (Au7sSizs) reported by Duwez
et al [4]. The absence of sharp diffraction peaks (Bragg-peaks) verifies the amorphous structure of the

splat-quenched specimen. Taken from Ref. [4].

Based on all these adverse conditions it was assumed for a long time that the cooling rates
needed to achieve the glassy state in metals cannot be technologically realized. Still, the concept
was challenged by the scientific community by the likes of David Turnbull [5], until a group
around Pol Duwez successfully created the first non-crystalline metallic solid by splat-
quenching a mixture of Au and Si to an amorphous flake of 10 um thickness [4]. This small
thickness of the obtainable amorphous specimen mirrors the high critical cooling rate Rc that
was still needed to prevent the formation of crystals, as thickness and cooling rate are inverse
proportional (Re o< dc2)[6]. The critical casting thickness yields a practical tool to describe and

determine the glass-forming ability (GFA) of a liquid experimentally.
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Figure 1-2: History of the development of the critical casting thickness and respective critical cooling

rate since the first discovery in the 1960s. The data are reproduced from Loffler et al. [3].

Since the production of first thin films in the 1960s, amorphous metals/metallic glasses have
undergone tremendous development over the past 60 years, reaching critical casting diameters
of up to 80 mm and critical cooling rates as low as 0.067 K s [7]. During the alloy
development soon, the trend went towards more complex systems with a larger number of
components. Up until now a large number of metallic glass forming systems based on almost
any metal in combination with various different metals and metalloids can be found, most
famously including Zr- [8-10], Mg- [11,12], Fe-[13,14] or Ni-based [15,16] systems to just
name a few. Next to Zr-based systems, especially Pd-based systems emerged on the front of the
best glass formers but were often disregarded for industrial applications due to their high cost.
However, even amorphous alloys based on noble metals (Pt, Pd, Au, etc), which are the main
subject in the current work, have recently attracted serious interest in jewelry applications [17—
21], but also highly functional applications ranging from energy conversion [22-25] to
biomedical implants [26—28]. One example on the size and quality of a cast metallic glass is
provided in Figure 1-3, which depicts an amorphous ring made out of a Pt-based (PtssCu21P21)

alloy, with an inner diameter of 19 mm and a width of 6 mm and a wall thickness of 1 mm.
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Figure 1-3: Example for the application of noble metal containing metallic glass
left side: an amorphous ring with a 19 mm diameter and 6 mm width out of PtssCuzPa
(850 Pt hallmark). The outer part of the ring was turned down from 1.7 mm to a wall thickness of 1 mm
and polished, whereas the visible inside is still in the as-cast state.

right side: High-energy synchrotron diffraction pattern of the cross-section cut out of a similar ring out
of PtssCuz1P21. The amorphous halo, combined with the absence of sharp crystalline Bragg-peaks,

verifies the amorphous structure of the ring.

This tremendous improvement of glass-forming ability was possible due to a better
understanding of the glass formation process and the underlying concepts to strengthen the
liquid against crystallization. Based on their past success in the development of new
compositions Akihisa Inoue and coworkers laid down the first set of empirical rules on how to
design bulk metallic glass forming liquids [3,29]. In their rules they defined the need to have a
system with at least three components, while also demanding a size difference of more than
12% and negative heats of mixing between the main components involved. From a physical
point of view the rules can be explained by simple and descriptive models. First of all, the
substantial number of different atomic species can facilitate the occurrence of a large number
of possible complex crystalline structures, which will hinder each other during their attempt to
form. When assuming a hard sphere model the mixture of different sized spheres leads to good
topological packing of space, reducing the free volume between the atoms, decreasing the
mobility of the individual atoms. The negative heat of mixing is needed to ensure a chemical
contribution for the intermixing of the different sized atoms, while also impeding the movement
of the individual atoms through the melt by the chemical interaction with the other atoms. The

rules contribute to a dense packed liquid that is energetically close to the crystal with assumably
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sluggish atomic mobility, often mirrored by a highly viscous melt of a good glass forming
liquid. This picturesque description already summarizes well the interrelation of the
thermodynamics (energetically close to the crystal), the dynamics (sluggish mobility of the
atoms) and the structure of the liquid. Still, a detailed understanding of its intercorrelation is

still deficient and a prevailing research topic.

Subsequently, the present work aims to further facilitate the understanding of structure property
correlations in multicomponent bulk metallic glass forming systems. Therefore, a detailed
investigation of thermodynamics, dynamics, kinetics, mechanics, and structure on a systematic

series of compositions shall be carried out.

For this task it is crucial to select a suitable alloy system, which possesses enough stability of
the SCL against crystallization to experimentally assess the properties of the supercooled liquid
state (SCL) without the interference through crystallization. Further, a systematic change of
composition should be possible without a loss of this high stability while maintaining a good
GFA. The latter is extremely challenge as often the region of good glass forming ability is
limited to a narrow compositional space [30]. Promising systems are provided by the Pt-Cu-Ni-
P and Pd-Cu-Ni-P, where the outstanding glass forming compositions (at least 20 mm) are
found in the same stoichiometric range of (Pt/Pd)s5Cu27NiosP21 [31]. When considering
simple hard sphere structural models of metallic liquids that are based on the efficient packing
of representative structural units (clusters), Pt and Pd can be, due to their similar size, deemed
topologically equivalent® [32]. Based on this, a good interchangeability of the two elements is
suggested and also supported by literature for PtPd-based BMGs [33-35], making the
(Pt/Pd)42.5Cu27Ni9 sP21 composition with different Pt/Pd ratios an ideal “case-study” system.

Special interest is raised by the properties of the two boundary systems for several reasons. The
first is the discrepancy in their GFA (80 mm for Pd»sCu3oNizsP2 [7] vs. 20 mm for
Pt45Cu27Ni9.5P21 [19]). While both are exceptionally good glass-formers, this difference by a
factor of four in critical thickness (which is roughly about 1.5 orders of magnitude in R¢) can
neither be explained by the structural models, assuming similar behavior, nor by the almost
identical temperature dependence of viscosity in the supercooled liquid (fragility)[36,37].
Further both boundary systems feature similar liquidus temperatures (863 K for the Pt-based

3 Based on the efficient cluster packing model (EPC) elements with atomic radii that differ by less than 2 % are
considered as topologically equivalent [86]
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and 869 K for the Pd-based system [21]), while showing a difference in the glass transition
temperature Ty of 57 K (517 K and 574 K for Pt and Pd respectively). Thus, this model system
not only enables to study the undercooled state through its good stability but also raises
questions and shows irregularities that need to be solved. To further study and understand the
different structural and thermodynamic behaviors of the two somehow similar, but at the same
time remarkably different, alloy-families the compositional space on the Pt-Pd axis is
thoroughly examined. Therefore, Pt is subsequently replaced by Pd in the composition

(Pt/Pd)42.5Cu27Nio 5P21.

On the base of this strategy, the different contributions of this cumulative thesis work out
connections between the intrinsic structure (Paper IV) of the undercooled liquid and its
thermally induced changes with the thermodynamic (Paper I) and dynamic (Paper II+V)
properties. Throughout these published works, the evolution of structure with temperature is
assessed in reciprocal as well as real space, utilizing in-situ X-ray diffraction with high energy
synchrotron light sources. Further, the microscopic dynamics of the metallic liquids is
investigated by X-ray photon electron spectroscopy, being another synchrotron-based
technique. For the thermodynamic and kinetic properties calorimetric techniques are applied in
combination with thermomechanical and rheological methods. Further, correlations of the
resulting structure of the deeply undercooled liquid that has eventually vitrified, and its
mechanical properties is presented (Paper III). For the micromechanical characterization, nano-
indentation and micro-pillar compression tests were used to monitor the strength and in
particular the strain-rate sensitivity and ductility of the material. The resulting embrittlement
through composition (higher Pd content) and thermal history (more relaxed state) seems to be
correlated to structural changes in the connecting schemes of the atomic clusters, based on

structural data in real space.

All results are summarized in chapter 4 of this current work and then holistically discussed in
the context of literature and partially extended through additional unpublished data, covering

kinetic, dynamic and structural information on the alloy system, in the discussion section.



8 State of the Art and Theory

2.State of the Art and Theory

2.1 Crystallization

In the following subchapter fundamental principles and concepts to understand how a liquid is
crystallizing and which measures have to be undertaken to possibly prevent it. In a first section
the basic thermodynamic concept will be discussed, basically describing the tendency and
motivation of a liquid to form a crystal, followed by kinetic considerations, that basically
describe how much time the liquid needs to actually form the crystal that is predicted by the

thermodynamics.
2.1.1 Thermodynamic Considerations

The formation of the crystal, such as any system out of condensed matter, is always motivated
by the minimization of the Gibbs free energy. At constant pressure and temperature, the Gibbs

free energy is defined as:
G=H-TS (2.1)

, where H is the enthalpy, T the temperature and S the entropy. The Gibbs free energy
incorporates the two main driving forces for a system to undergo a transformation by any
means. On the one hand the urgency of the system to minimize its potential energy through
ordering, described by the enthalpic term of Eq. (2.1). On the other hand, its striving towards
the highest possible entropic state caused by the thermal energy that is stored in the system
included via the second term of Eq. (2.1).* When more than one phase is occurring in a system,
such as the liquid and crystalline state, each state can be described by an individual Gibbs free
energy curve. The system will then always strive towards the state that possesses the lowest
Gibbs free energy at given pressure and temperature. Hence, the most stable for a given

temperature and pressure is always well defined.

4 The counteraction of enthalpic minimization and entropic maximization leads to the negative sign in Eq. (2.1)
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To understand the process of glass formation and how cooling of a liquid below its original
thermodynamic boundaries of existence is possible, one has to review how a crystal, the natural
enemy of the liquid below its temperature of fusion Tt is formed. The temperature of fusion
itself is defined as the point of equilibrium between the Gibbs free energy of the liquid G; and
the crystal Gy, which marks the intersection of both curves in the graphic of Figure 2-1 °. Below
Ty, the difference between the liquid and crystalline Gibbs free energy AG'™ creates a

thermodynamic driving force for the transition of the liquid to the crystal. It is defined by
AGX(T) = G(T) — Gx(T)
= (H'(T) — TSY(T)) — (H*(T) — TS*(T)) 2.2)
= AH"*(T) — TAS'"™™(T)

, with AH"* being the difference in enthalpy between the liquid and crystalline state, also called
excess enthalpy and AS"™ being the difference in enthalpy between the liquid and crystalline
state, also called excess entropy. The latter quantities can be derived from the isobaric heat
capacities of the liquid c,' and crystalline state c,* together with knowledge of the enthalpy of

fusion and the temperature of fusion by using:

T

AH'™*(T) = AH; + f Ac5™* (T")dT’ (2.3)
Ty
TACl—x
l—x — 14 1] r
AST*(T) = AS; +f T (T"Hdr (2.4)
Ty

, with Ac,™ being the excess isobaric heat capacity being defined as:

l-x _ .l
Acy ™ = ¢ — ¢ (2.5)

5 Whereas, the temperature of fusion is rather a definition from a theoretical point of view, in application the
temperature of melting Tr, or liquidus temperature T; are used. However, using them synonymously would be
incorrect. In a multi-component system, as it is mainly the case, (outside the eutectic point) no congruent melting
point, but a melting region is found that has its upper (the liquidus temperature) and lower limit (the solidus
temperature or melting point). The melting temperature and liquidus temperature do only coincide for a one-
component system or in the eutectic point of a multicomponent system, marking the only case where they are
identical to the temperature of fusion.
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Both the isobaric heat capacity of the liquid and of the crystalline state can be described by

different polynomials, often called “Kubaschewski equation” [38]:

¢y (T) = 3R +aT + bT 2 (2.6)

¢, (T) = 3R + T + dT*? (2.7)

, with R being the universal gas constant (R = 8.314 J mol'K'!) and a, b ,c and d being fitting

parameters.

A detailed justification on the interpretation of AG"™ in multi-component systems is being

presented in Refs. [37,39]

crystal liquid

AG™(AT)

Gibbs free energy (a.u.)

temperature (a.u)

Figure 2-1: Gibbs free energy of the liquid G; and the crystalline state Gy as a function of temperature .
Below the temperature of fusion Tr the difference between Gi and Gy, AG™ is acting as the

thermodynamic driving force for crystallization of the liquid.

Whenever a volume Vx of the liquid crystallizes the Gibbs free energy of the system changes
by a volumetric contribution AGy = Vx Ag'™, with Ag™ being the difference in Gibbs free
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energy between the liquid and the crystalline phase per volume®. It shall be noted that below
the temperature of fusion Ag"™ becomes negative, which makes the whole AGv term negative,
which means that the systems energy is decreased. However, the crystalline surface Ax that is
creates an interface to the surrounding liquid phase, which is energetically unfavorable,
generating a surface dependent contribution AGa = Ax Vi, With yi.x being the surface energy
between the liquid and the crystalline state. In total the change of the Gibbs free energy due to
the formation of a crystalline particle can be described by:

AG(r,T) = V.Ag"*(T) + A, v,_
( ) X g () x)/lx (2.8)

Under the assumption of a spherical crystalline particle, which itself has the highest volume to

surface ratio, Eq. (2.8) becomes:

4
AG(rT) = 3 mr3Agt(T) + 2mriy,_y (2.9)

In Figure 2-2 the volume and surface contribution as well as its balance are illustrated for a
spherical particle as a function of its radius. The question whether a given crystalline particle
will start to grow or even shrink mainly depends on the change of AG with respect to the change

of the radius. Mathematically speaking, this means that

dAG (1)
4 - 0 (2.10)

, with " being the critical radius, which marks the turning point, graphically described by the
maximum of the balance curve in Figure 2-2. On the one hand, if the slope of the curve is
positive, additional energy is needed for the growth of the particle and it will be energetically
motivated to dissolve. On the other hand, if the slope of the curve is negative, the system will
gain energy by further growth of the nuclei. Applying the Eq. (2.10) to Eq. (2.9) the critical

radius can be described as

¢ The volumetric Ag"™ can be easily derived from the molar AG"* by dividing it by the molar volume V.
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* _ 2 Vi-x
ri(T) = AglE (D) 2.11)

For the given size of a critical particle r" the Gibbs free energy already possesses a value, which
acts as an activation energy or nucleation barrier for supercritical growth of nuclei AG™. This
amount of energy is needed to form supercritical nuclei. It can be calculated by inserting

Eq. (2.11) into Eq. (2.9) and leads to

lém )/l—x3

O = sagy

(2.12)

Both the nucleation barrier AG” as well as the critical radius r” have a temperature dependence,
based on the growth of the difference in Gibbs free energy between the liquid and crystalline
state Ag"™* when the undercooling AT = T¢ - T is becoming larger. The temperature dependence
of AG™ and r" can be estimated by applying the Turnbull approximation, which assumes a

constant ¢, for small undercoolings. Therefore, the Ag'™ can be linearly approximated by:

Iex _, AHf
Ag (T) = Vm T_f AT = ASfAT (2.13)

with AHr being the enthalpy of fusion and ASt being the entropy of fusion’. From Eq. (2.13) it
also becomes obvious that the melting entropy plays decisive role on the driving force for
crystallization, as it in a first approximation is describing its temperature dependence with

undercooling. Applying this approximation to Egs. (2.11) and (2.12) leads to:

2 Vl—fo
* T —
r(T) AHAT (2.14)
lem Vi-x
AG*(T) = 2.15
() 3AH[AT? (&13)

7 The entropy of fusion is derived from the quotient of enthalpy of fusion and temperature of fusion, which is
derived from AG(T) = 0 = AH~TrASy.
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dG/dr>0 dG/dr = 0 dG/dr<0
undercritical .~ critical point supercritical
unstable nucl_ei" i growing nuclei

GA=21Tr2'Yl_X

larger
undercooling

G, =4/31r*Ag"™(AT)

------- Surface contribution
------- Volume contribution AT,

Gibbs free energy (a.u.)

I lar eri
Volume contribution AT, uhgeréooling

—— AG(r,AT,) -] AT 5> AT ’

—— AG(r,AT,) \

radius r (a.u)

Figure 2-2: Change Gibbs free energy during the formation of a spherical crystalline nuclei with radius
1, together with the individual contributions of surface and volume. The maximum in the net-
contribution marks the critical radius r* with its activation energy for crystallization AG™. Crystalline
particles with larger radii than r* are named supercritical as their growth is energetically favorable. Vice
versa, smaller undercritical particles are energetically motivated to shrink and finally dissolve again. For
larger undercoolings (AT,) the volume contribution becomes stronger, as the conversion from liquid to
crystalline structure is associated to a larger gain in energy (Ag'™ becomes larger). This shifts the
absolute Gibbs free energy curve to lower radii, leading to smaller critical radii (Ar, < Ar"y) as well as

a decrease of the activation energy for crystallization (AG"(AT2) < AG"(AT))).

Hence, from a thermodynamic point of view the tendency of the liquid to crystallize is growing
as the critical radius is decreasing linearly and the nucleation barrier is decreasing quadratically
with further undercooling. A depiction of the interplay of difference in Gibbs free energy and
the critical radii and nucleation barrier is exemplarily shown in Figure 2-3, based on actual
experimental data. The initial formation of nuclei is driven by thermal fluctuations in the melt

that lead to the occurrence of locally ordered clusters of size r. As these thermal fluctuations

8 The quantity AG" is also called nucleation barrier for crystallization.
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are stochastically distributed in size and location throughout the melt volume, the described
lowering of r” will lead to a higher probability or higher number of these ordered clusters to
become supercritical. The number of these supercritical clusters per volume n” can be described

by [40]:

AG*(T 2.16
n*(T) = ngexp ( kB(T )> (216

with kg being the Boltzmann constant (ks = 1.380649 x 102* m? kg s2 K'') and no being the
number of atoms in the system. While for the supercritical nuclei further and further growth
through new atoms attaching on its surface is predicted by the thermodynamics, no predication

about the rate can be provided.

temperature (K)
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Figure 2-3: Effect of undercooling on the difference in Gibbs free energy between the liquid and
crystalline AGY*(T) and the resulting changes in the critical radius r* and the energy barrier for
nucleation AG” for the Pt sCus7Nig 5Py liquid. The curves are derived from experimental data from
Gross et al. [41]. The calculations further reveal a critical radius for crystallization at the temperature of

minimum isothermal crystallization time T" of 5 nm.
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2.1.2 Dynamic Considerations

Based on the thermodynamic considerations, that show the continuous lowering of the
activation energy and the critical radius of nucleation, the crystallization of the liquid seems
inevitable. Still as thermodynamics is describing equilibrium processes, the factor of time is
basically neglected. This means that the mobility of the structural units and atoms, which need
to rearrange to the form a crystal, namely the dynamics of the liquid needs to be considered.

Especially the rate in which they attach to the growing nucleus.

One way to describe the mobility of atoms is their diffusivity. The diffusivity of atoms in a
multicomponent system can be described by an average atomic diffusion coefficient D:

Eq

D(T) = ag*v(T) = ag*vo exp (kB_T) (2.17)

, where ag is the average atomic diameter, v is the atomic jump frequency and vo the vibration
frequency of the atoms. The average atomic diffusion coefficient D, a microscopic property,
can be connected to the shear viscosity 1, a macroscopic property of the liquid, via the Stokes-

Einstein (SE) relation’:

kgT

D(T) =————
(T) 6 (Tag (2.18)

This relation provides a vital tool as the macroscopic measurements of shear viscosity can be

used to estimate the mobility of atoms, which itself is often hard to access experimentally. A

more detailed description of the SE-relation and general description of viscosity is given in the

section 2.2 “Liquid State”.
2.1.3 Crystal Nucleation and Growth

As described in the former subchapters the nucleation and growth of a crystal depends on the

thermodynamic and kinetic properties of the system. Both attributes are combined in the critical

° The temperature region in which the Stokes-Einstein relation is valid is an ongoing research topic with numerous
experimental evidence of good agreement but also significant deviations at various systems and temperatures.
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nucleation rate for steady state!® I,, which is a product of the relative available number of

overcritical nuclei (Eq. (2.16)) and the atomic jump frequency (Eq. (2.17)).

*

(T A
(M) _ Av(T)exp (kBT) (2.19)

Ny

1,(T) = Av(T)

, with A being a constant. Applying the Egs. (2.15) and (2.18) to Eq. (2.19) leads to [42]:

L(T) =

—16my}.
v L l (2.20)

() P lska[Agl-x(T)]z

, Where Ay is a constant.

The rate at which the surface of an overcritical crystalline nucleus is growing is described by

[43]

k,T VaromicAgt ™™ (T
fr b 1—exp atomicA9 ( ) (2.21)

Ty =210
W) = 52 kT

where Vatomic 1s the atomic average volume, and ao is the average atomic diameter. The factor f;

depends on the roughness of the interface between the crystal and liquid on an atomic scale [44].

Ultimately, the crystallization process is based on the interplay of both, crystal nucleation and
growth, originating from thermodynamics of crystal and liquid and dynamic properties of the
liquid. In Figure 2-4 the temperature dependence of both, Iy(T) and u(T), are depicted. The
interplay of thermodynamics, which will always favor crystallization of the undercooled liquid,
and dynamics which will consecutively become more sluggish during cooling leads to I.(T) and
u(T) each possessing a maximum. The crystal growth rate u(T) is showing its maximum at high
temperature and low undercooling, whereas the nucleation rate is still very low, as there is not
enough driving force for crystallization compared to the interfacial energy. This is based on the
high mobility of atoms and low viscosity at this elevated temperature close to Ti. Once an
overcritical nucleus is formed in this temperature region, rapid crystallization will occur directly

based on the very high growth rate. A small number of fast-growing crystals will then lead to a

19 The steady state describes a state which is time independent. The steady state is an assumption that may not
always apply in the application.
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coarse microstructure. Hence, the crystallization is nucleation controlled and therefore highly
statistical in the temperature regime close to Ti. In contrast, at lower temperatures, mainly
observed upon heating from the glassy state, the supply of overcritical nuclei is not the limiting
factor but their ability to grow, as atomic mobility and therefore crystal growth has slowed
down tremendously due to the exponential increase of viscosity. Consequently, the large
number of slowly growing overcritical nuclei leads to a fine-grained even nanocrystalline

microstructure that is growth controlled.
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Figure 2-4: Temperature dependence of crystal nucleation and growth rate and its connection to the
crystallization time. The maximum of the crystal growth rate u is located at temperature close to the
liquidus temperatures and the maximum of the nucleation rate I,(T) is located at higher undercooling,
where the driving forces for crystallization are already sufficiently high. The interaction of both,
nucleation and growth, leads to the typical shape of the isothermal crystallization times (grey). The
minimal crystallization time t," is located between the two maxima of I, and u at the temperature T",
where the interaction of both is the highest. In the upper temperature range a high growth rate will lead
to a rapid crystallization once a supercritical nuclei is formed (nucleation-controlled crystallization),
whereas in the lower temperature regime the availability of overcritical nuclei is not the issue, but its

ability to grow (growth-controlled crystallization).
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A good description of crystallization, combining I,(T) and u(T), that is derived from classical
nucleation theory, is given by the Johnson-Mehl-Avrami-Kolmogorov model. It contains
several further assumptions such as a spherical growth of the nuclei and a polymorphic
crystallization. Under these restraints the crystallized fraction x(t) at a given time t of an

undercooled liquid under isothermal conditions can be described [45]:
T
x(T)=1—exp (§ I,,(T)u(T)3t4) (2.22)

Vice versa the time for a given fraction of the system to crystallize can be calculated by:

—3ln(1—-x) a

U S (2.23)
ol (T) [u(T)]?

(1) = |

Time-temperature transformation (TTT) diagrams are often used in application, for a graphical
description of the crystallization behavior. A TTT diagram in general describes the stability of
phases and their transformation with time at a given temperature (isothermal) or during an
applied cooling/heating rate (continuous). In following a focus is put on the isothermal
crystallization behavior as it can be directly modeled with the JMAK-equation. In Figure 2-5
an example is provided how the JMAK equation is being applied to fit experimental data of

isothermal crystallization experiments.

Ultimately, I,(T) and u(T) determine the C-like or nose-like shape of the TTT diagram, as well
as the localization of the minimum crystallization time tx . The minimum crystallization time
T4 is located at the temperature T", where the declining growth rate and the growing nucleation
rate superimpose in the most constructive way. It is directly connected to the critical cooling

rate (CCR) and critical casting thickness dc via the empirical relation developed by Johnson et

al. [46]:

75 = 0.00419(d./mm)?5*s (2.24)
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Figure 2-5: Time-temperature transformation diagram of AusgAgssPd»3Cuzs9Siies based on actual

isothermal crystallization data described by the JIMAK equation. Adapted from Neuber et al. [47].
2.2 Liquid State

With glasses being often described as frozen-in liquids, it is highly important to understand the
basic phenomena of transport and diffusion occurring in the liquid and its connection to
thermodynamic and structural properties. Especially, the dynamic slowdown during the
supercooling of densely packed metallic liquids plays an essential role during glass formation

and the microscopic effects are widely not well understood and are subject to current research.
2.2.1 Dynamics of the Liquid: Viscosity and Fragility concept

The dynamics of the liquid state is a property of the (metastable) equilibrium liquid basically
covering different length scales down from atomic motion up to the resulting macroscopic flow
behavior. One common way to characterize the dynamics of the liquid is the shear viscosity.
The shear viscosity of a liquid describes its fluidity and is a measure of its inner resistance
against external forces to flow. The dynamic viscosity 1 is defined as the proportionality factor

between the shear rate y and shear stress 7.
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=7 (2.25)

The dynamic viscosity of a liquid depends on the cooperative motion of the individual structural
units that have to overcome energy barriers Ea to be able to flow. This process can be described
by a constant activation energy, a simple Arrhenius behavior, following the exponential

behavior:

E4
n(T) « exp <lc,,7> (2.26)
This most straightforward description of thermally activated processes is assuming a
temperature invariant energy barrier, which in reality is not the case. In liquids it is observed
that the activation energy is actually growing with further undercooling. However, this growth
of the activation energy is strongly differing between the different liquids and seems to be
strongly connected to their structure [48—50]. This makes the viscosity of a liquid a highly
temperature-dependent and sensitive quantity that can change by several orders of magnitude
over small temperature intervals. Therefore, it qualifies to be used to characterize and classify
different types of liquids. One concept to distinguish between the different sensitivities of
viscosity to temperature changes is the so-called fragility concept [51]. Alike its name it
describes the sensitivity of viscosity towards changes in temperature. If it undergoes large
changes due to changes in temperature, it behaves fragile, or vice versa. Besides this pictorial
explanation, from a physical point of view, the fragility concept actually characterizes the
deviation of viscosity from the aforementioned Arrhenius behavior. Arrhenius behavior means
that the thermally activated process can be described by a temperature invariant activation
energy Ea. Consequently, liquids with less temperature dependent activation energies are
labeled strong, whereas liquids with larger changes in their activation energies during cooling

are termed fragile.

In a typical depiction, the logarithmic viscosity is plotted over inverse temperature, which leads
to a linear behavior in the case of a strong liquid, whereas a fragile liquid shows exponential
changes on the logarithmic scale (compare Figure 2-6). In this so-called “Angell-plot” the
inverse temperature is normalized by the glass transition temperature T, It is defined as the
temperature, at which the liquid possesses a viscosity value of 10'? Pas and leads to all liquids
sharing the same point at T, /T = 1. The use of the 10'? Pas value comes from the first studies

of glass-forming liquids carried out on silicate glasses, which are strong liquids. Therefore,
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from a physical point of view, this value should be regarded as a rough empirical guide,
especially as it does not consider the rate dependence of the glass transition. Hence the value
of Ty does not have to be equal to the calorimetrically determined T,. This divergence between
the two temperatures originates from a lower viscosity at the calorimetric glass transition. For
molecular glass formers, which are more fragile liquids, viscosities down to 10!° Pas are

observed at the calorimetric glass transition [52].

The temperature dependence of viscosity that takes the evolution of the activation energy into

account, can be mathematically described by the empirical Vogel-Fulcher-Tamann equation:

DT, ) (2.27)

) = noexp (
1) =moexp (77—

with D* being the fragility parameter and Ty the so called VFT temperature, at which the
viscosity would diverge to infinity. The physical value of this VFT temperature is widely
discussed, but it is suggested that for good glass formers Ty lays further away from Ty than for
bad glass forming liquids [51,53]. The no parameter describes the lowest possible viscosity in
the theoretical limit of infinite temperature. It is physically connected to the Debye frequency

and can be estimated by [54]:

(2.28)

With Na = 6.022 x 10%* being Avogadro’s number, h = 6.626 x 10* m’kgs™' being Planck’s

constant and Vi, being the molar volume.

In the framework of the fragility concept being described by eq. (2.27), strong liquids possess
large D" values, for example SiO> with a D* of 100 and fragile liquids possess a small D* for
example ortho-terphenyl with a D* of around 5. Metallic glass forming systems have a D

between values of about 10 to around 30.
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Figure 2-6: Angell plot for various glass formers reaching from strong glass formers like SiO», that show
a linear Arrhenius behavior, over metallic glass forming liquids with mediocre fragilities to extremely

fragile systems like o-terphenyl. Taken from Busch et al. [53].

Another way to describe fragility is via the steepness of the shear viscosity around the glass
transition. This parameter is often useful, when only viscosity values around the glass transition
are known. In this case the fragility is directly quantified by the linear slope of the viscosity in
the Angell plot at T;. Fragile behavior is therefore characterized by a steep slope and stronger

behavior vice versa. Mathematically this so called steepness index or m-fragility can be

expressed by [55]:

m = dlogio () 52
OE (2.29)

T -
T=T§

To further understand the meaning of the viscosity and its connection to the atomic mobility
one has to interpret it as the ability of a liquid to transfer a momentum, which in a first
approximation is similar to a diffusive process. This approach is the base of the so-called
Stokes-Einstein equation, that combines the viscosity and diffusion coefficient. The basic idea

is the internal friction that a particle with given radius r experiences whilst travelling through a
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liquid with viscosity n, which leads to the Stokes-Einstein relation (2.18) mentioned in section

2.1.2

Based on the validity of this equation, measurements and classifications of viscosity allow a
direct insight into the atomic mobility of the melt. Still, it seems surprising that an initially
macroscopic model, such as the Stokes-friction model, is still valid on the atomic scale, where
the particle is of the same size as the structural units of the surrounded liquid. Its validity was
widely accepted under stable equilibrium, while studies have shown a good agreement of this
relation, even in the deeply undercooled state of a Pds3Cu27NiioP20 metallic liquid [56].
However, recent studies described its break-down already in the equilibrium liquid [57], while
the breakdown itself has been assigned to the rise of dynamic heterogeneities below a critical

point. However, the detailed process is far from well understood and part of ongoing research.

Another way to connect a timescale to the viscosity of the liquid is the viscoelastic model.
Under the assumption of the liquid being described by a Maxwell unit, which is a series

connection of a damper and a spring, a relaxation time t can be described by

T=— (2.30)

D
8

, where G is the high frequency shear modulus. It characterizes the viscous response of a
Maxwell unit at an infinite loading frequency. It can be used to connect the intrinsic relaxation
time of the liquid with the macroscopic viscosity. In actual experiments with the aim to
determine relaxation times, this relation has to be used with caution, as the probed timescale
does not have to be similar to the intrinsic relaxation time of the mechanical model described
in eq. (2.30). As a consequence the proportionality between the experimental relaxation time
Texp 18 Not described by the high frequency shear modulus G but a different proportionality
generic factor Gy that is specific for the actual measurement method [36]. While it might seem
arbitrary at first, the need of several G, can be physically justified by the fact that not a single
relaxation time in the liquid but a relaxation spectrum is expected, but only a single macroscopic
viscosity can be probed. Therefore, depending on the part of the spectrum being probed, it
becomes a natural need of different proportionality factors. However, the general
proportionality of t and n allows to also use the VFT equation (2.26) to also describe the
temperature dependence of the relaxation time, featuring the same temperature

dependence [58].
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2.2.2 Thermodynamics of the Liquid: Heat Capacity, Entropy and
Thermodynamic Fragility

As mentioned in the prior chapter, as a liquid cools, there is an increase in the cooperativity of
the structural units, which is accompanied by changes in the dynamic properties, i.e. an increase
in viscosity and a slowing of the intrinsic relaxation time. Hence, the question arises how the

thermodynamic properties such as heat capacity, enthalpy and entropy change in the meantime.

The Adam Gibbs model, that originally aimed to better understand the super-exponential
growth of the relaxation time in the vicinity of the glass transition, ultimately provided an idea
of the changes of configurational entropy in an undercooled liquid [59]. Their theory was built
upon the idea that during undercooling a decreasing number of possible configurations will be
assessable to the atoms/molecules of the liquid. This decreased access would then be directly
characterized by a decrease of the configurational entropy of the liquid. Therefore, they
considered that the dynamic quantity X, i.e. viscosity n or relaxation time t can be described as

a function of the configurational entropy Sc by:

(2.31)

X(T) = Xo exp (TSf(T))

with C being the energy barrier for cooperative rearrangements and Xo being the value of the
dynamic quantity that is described at infinite temperature. However, the actual experimental
quantification of the configurational entropy is far from trivial and not directly possible. Instead,
the experimentally easier assessable quantity of the excess entropy between liquid and
crystalline state AS™ is used, which can be calculated from heat capacity measurements of
crystalline and liquid state, as well as a determination of the entropy of fusion AS¢ (compare
section 2.1.1). The excess entropy however consists out of a vibrational term S.i, together with

the configurational term S. described by'!:

AS'* = glox 4 gl-x (2.32)

vib

1t is important to note that here the configurational and the vibrational terms describe the difference between the
liquid and the crystalline state as well.



State of the Art and Theory

25
An actual decoupling of these quantities is possible by neutron scattering experiments that allow
the determination of the vibrational entropy of the liquid and the glassy state, exemplarily
shown by Fultz et al. [60]. These measurements showed similar vibrational entropies in the
crystalline and liquid state in the case of Zr-based metallic glasses, which would lead to a
cancelation of the first part of equation (2.32), making the difference in excess entropy purely
configurational. Under this assumption the dynamics can be described well using the excess
enthalpy in eq. (2.31). However, besides this explicit experimental data the assumption is still

highly controversial in the scientific community [58,61].

A possible reasoning on the success of this assumption is provided by Martinez et al. [62],
noting the similar temperature dependence of Sc and AS"™. When reviewing the changes of

configurational entropy with respect to temperature

0AS"*|  Acy™*
or | = T
b

(2.33)

It becomes obvious that large changes are connected to large differences in excess heat capacity.
With the differences in isobaric heat capacity of crystalline and glassy state being
insignificantly small, Ac,"™™ can be seen equal to the excess heat capacity with respect to the
glassy state Ac,"¢!2. Based on this, the T, normalized height of the ¢, step at the glass transition
temperature, Ac, ™(T,)/T,, should already entail information on the thermodynamic fragility. A
large value of Ac,™(T¢)/Te would be the signature of a faster rising liquid heat capacity
associated with the high rate of loss in configurational entropy of the liquid during cooling,
which would be a fragile behavior. Vice versa small Ac,™(Tg)/T, suggest a flatter course of the
liquid heat capacity, smaller rate of loss in the configurational entropy, typical for a stronger
behavior. However, this direct correlation may only be valid if the absolute entropy of the
systems is not significantly changing, as the fragility is mainly based on the relative change.
These changes of absolute entropic level may be due to changes in the entropy of fusion, as the

high temperature limit of AS™ is actually determined by it. (compare eq. (2.4))

For a better understanding the course of the thermodynamic functions of heat capacity and

entropy of the liquid state shall be reviewed for an exemplary fragile and strong liquid in the

12 Similar argumentation applies for the use of the excess entropy with respect to crystal or glass.
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following and also compared to the respective course of the viscosity in Figure 2-7. The more
fragile liquid, depicted by the black lines, shows a more rapid ascending isobaric heat capacity
during cooling. As a consequence a larger c, - step between the liquid and the crystalline/glassy
state is observed at Ty, as the heat capacity of the crystal or the glass is usually of the magnitude
of 3 R, following the Dulong-Petite rule [58]. The larger specific isobaric heat capacity of the
fragile liquid translates into the larger slope of the excess entropy following the aforementioned
argumentation and eq. (2.33). Finally the viscosity of section c¢) shows a larger change in slope
at the glass transition temperature for the fragile system, due to the larger entropic changes

described through eq. (2.31).
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Figure 2-7: Schematic drawing of thermodynamic and dynamic properties of the liquid state as a
function of temperature for a strong and a fragile metallic liquid with thermodynamic properties in a)
the isobaric heat capacity and b) the excess entropy and the dynamic property in c), the viscosity and
relaxation time (translated with a generic G, = 10° Pa s). In all cases the fragile system shows more
significant changes in the observable compared to the strong system. In section a) also the step in heat
capacity between the liquid and crystalline state is depicted, showing a much larger step in Ac,'™ at the
glass transition temperature for the fragile liquid compared to the strong one. Due to the similar values
of the heat capacity of the crystalline and glassy state, this difference in Ac,™ is also representative for

the heat capacity step during the glass transition event Ac,"#(T,)
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2.3 Glass Transition and Glassy State

In the following section, the basic principles of the glass transition process are presented in a

similar manner to the crystallization process.
2.3.1 The Glass Transition process

For a better understanding of the glass transition process in contrast to the crystallization event,
it is helpful to study the evolution of the thermodynamic properties i.e. volume V or enthalpy
H as a function of temperature. To simplify the problem a one-component system is assumed
in the following discussion. The advantage of a one-component system is found in the
congruent melting of the system. This means that the melting point Ty, and the liquidus
temperature T becomes one. In contrast, in multicomponent systems, outside of a eutectic,
thermodynamic equilibrium is including more than a single phase, leading to a melting interval
that is framed by Tm and Ti. Therefore, the temperature of fusion Tt is used in the following,

marking the temperature of thermodynamic equilibrium between crystalline and liquid state.

At first the scenario of crystallization shall be reviewed, which resembles the pathway (1) in
Figure 2-8. During cooling the volume V and enthalpy H of the liquid decreases, with the slope
of the curve being a measure of the volumetric thermal expansion coefficient awm or the specific
isobaric heat capacity cp. Once a liquid is cooled below its temperature of fusion, the crystal
becomes the thermodynamically favorable configuration. Below this temperature any volume
of the liquid that transforms to a crystal leads to gain of energy. Hence, any nucleus that is large
enough to compensate for the energy needed to form the interface between itself and liquid will
start to grow. A more detailed description of the process can be reviewed in the section
2.1.3 “Crystal Nucleation and Growth”. The ordering during the crystallization process goes in
hand with an abrupt jump in volume AVy, due to the denser atomic packing of the crystal, as
well as a release of enthalpy AH¢'® because of the enthalpically deeper state of the crystal. It
shall be noted that the slope of the crystalline curve is much shallower than that of the liquid

13 In this case the released enthalpy is rather a crystallization enthalpy AHj, which in this ideal case of a
crystallization at the melting point would be of the same magnitude as the enthalpy of fusion AHr but with the
inverse sign.
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curve, which is an expression of the decreased o and cp due to the closer packing and reduced

number of degrees of freedom in the crystal.

supercooled
liquid (SCL)

liquid

T, <IT}

enthalpy / volume (a.u.)

Tann Tfic,1 Tfic,2 Tx Tf
temperature (a.u)

Figure 2-8: Schematic on the evolution of the volume following different pathways during cooling.
(1) Slow cooling leading to crystallization and volume shrinkage or release of crystallization enthalpy
after certain amount of undercooling

(2) Fast cooling at different rates that lead to a falling out of equilibrium at different fictive temperatures
Tre with volumetrically and enthalpically distinct glassy states.

(3) Isothermal annealing at Tan, that leads to relaxation of free volume (aging) out of the system,
lowering its enthalpic state and consequently the fictive temperature of the glassy state is striving

towards Tam over time. The internal equilibrium of the supercooled liquid reached when Tgc = Tann.

Pathway (2) of Figure 2-8 describes the vitrification process of the liquid. As soon as the liquid
is cooled below the temperature of its thermodynamical stability Ty, it is called supercooled

liquid (SCL). From a thermodynamic standpoint the SCL is a metastable equilibrium'*, with

14 A system is considered metastable, if it is not the most stable thermodynamic configuration that would be
possible under the given conditions.
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the crystalline state representing the stable equilibrium. To reach this state, the growth of
overcritical nuclei has to be suppressed by a sufficiently high cooling rate qc as the volume and
enthalpy of the system continuously decreases. In the SCL the viscosity of the liquid increases
exponentially (compare section 2.5.4.2), which reflects the slowdown of atomic mobility at
decreasing temperature. At a certain point the system is cooled faster than it can restore its
internal equilibrium based on its mobility. This restoration of the equilibrium due to the external
perturbation is called relaxation and defines the temperature dependent relaxation time that is
connected to the viscosity. If this relaxation of the system is not possible within the timeframe
dictated by the external perturbation, it falls out of equilibrium and the glass transition process
progresses. The liquid is then vitrified to a glass. The temperature at which the system
undergoes the glass transition in cooling is called fictive temperature Trc and provides a vital
tool to define the volumetric, enthalpic and structural state of a glass. In the case of cooling
with qc1 this leads to the volumetric state of “glass 1. Obviously, the glass transition is not only
dependent on the intrinsic properties of the liquid itself but strongly on the external disturbance,
in this case the cooling rate. For a higher cooling rate |T2[>Ti| the system is falling out of
equilibrium at higher temperatures, leading to a higher Trc. combined with a larger volumetric
state of “glass 2”. Both states merely differ in their packing density, as “glass 2” is even further

away from the equilibrium crystal incorporating more so-called free volume Vfee.

The third pathway (3) in Figure 2-8 shows the influence of isothermal annealing on the glassy
state at Tann, Which is called relaxation or aging. It is a manifestation of the striving of a system
that is brought out of equilibrium, such as any glassy state, towards its (metastable) equilibrium,
here the supercooled liquid or crystalline state. Relaxation is a universal phenomenon that is
happening to any glass below T, but can be negligibly slow if Tann<<Tfc. During aging the
fictive temperature of the system is consecutively striving towards the ambient temperature

Tann. A more detailed review on relaxation and aging will be provided in section 2.4.
2.3.2 Thermodynamics of the Glass

Whenever the metastable supercooled liquid is unable to recover and ultimately falls out of
equilibrium its momentary structure is frozen in. This frozen-in structure is energetically
unfavorable compared to a crystal, which can be characterized by a residual enthalpy or excess
free volume, depending on the preferred view. Experimentally, the relative changes in volume
and enthalpy of liquids and glasses have been shown to be in good agreement for the relative

changes in both quantities, for glasses in general [63] and particularly for metallic glasses [64—
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67]. Hence, knowledge of the excess residual enthalpy AHes from calorimetric experiments
allows to estimate the free volume Ve, that is stored in the glass [68]. Both quantities can be

linked by the empirical equation of Van den Beukel and Sietsma [63] and the experimental

validation of Evenson et al. :

AV,
AHyes = p' (%) (2.34)

m glass

,where Vi is the molar volume and B’ is the proportionality constant, describing the enthalpy of
free volume formation per atomic volume. Knowledge of the free volume is of high
consequence for the glassy state as it is connected to manifold properties e.g. diffusion,

viscosity and especially plastic flow (more detailed justification is found in section 2.6) [69—
71].
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Figure 2-9: Schematic drawing of different residual enthalpies and free volumes of the glassy state
created by different cooling protocols . The residual enthalpy of the respective glassy state can be

characterized by its fictive temperature.
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2.4 Relaxation of the Liquid and Aging of the Glassy State

As the glassy state is thermodynamically characterized as an unstable non-equilibrium state it
is always striving towards a more stable configuration closer to equilibrium over time, starting
from the very second it is formed. The temporal evolution of the glassy state towards its actual
equilibrium is called aging. It is important to distinguish between the two terms relaxation and
aging, which are often redundantly used. Unlike aging, which involves a system that is out of

equilibrium, relaxation is carried out by a system that is still in equilibrium.

A relaxation phenomenon is always observed, when the system is somehow perturbed. Due to
this perturbation a quantity ® is brought to an out-of-equilibrium state ®y.cq. The quantity will
immediately strive to recover its equilibrium value ®¢q. The temporal evolution towards its
equilibrium, or rather the distance between the temporal state ®(t) and the ®cq, can then be
described by a exponential decay function with a relaxation time 1. However, in reality
relaxation phenomena of enthalpy, viscosity or volume in glassy systems cannot be well
modeled by a simple exponential approach, but rather by a so-called multiexponential or
stretched exponential approach, mathematically described by the Kohlrausch-Williams-Watts
(KWW) equation [72]:

t\B
B(t) — By = AD(t) = AD(0) exp <— (;) > (2.35)

with 3 being the stretch exponent or shape parameter. In Figure 2-10 the influence of B on the
appearance of the relaxation function is depicted. For B =1 the KWW describes a single
exponential decay, whereas it behaves compressed for f>1 and stretched for B < 1. The
stretched relaxation behavior originates from the superposition of multiple relaxation times, i.e.
a relaxation spectrum. Hence, the stretch exponent can also be interpreted as a heterogeneity
parameter, as a more heterogeneous distribution of relaxation times will lead to a more stretched
relaxation event, described by a smaller value of B. To illustrate the influence of multiple
relaxation times on the observed relaxation function a combination of seven distinct single
exponential decays is depicted in Figure 2-11. In contrast a compressed behavior leads to the
relaxation phenomenon being faster than exponential, a so-called Debye relaxation [73]. While
this behavior is experimentally observed in the relaxation of the glassy state, a general
theoretical explanation is still lacking [73]. Still in some works it is associated to a ballistic or

avalanche-like dynamics [74—77]
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Within the framework of this thesis the KWW equation is used to describe the viscosity
relaxation in thermomechanical analysis (TMA) (compare section 3.5.1) and the decorrelation
of density fluctuations in X-ray photon correlation spectroscopy (XPCS) (compare section
3.4.1). More detailed information and peculiarities in the use of the KWW in the individual

cases is provided in the specific sections.
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Figure 2-11: Schematic drawing of a relaxation function composed out of multiple single exponential

functions (B =1) with different relaxation times. The superposition of all relaxation times can be

described by the stretched multiexponential relaxation function with a stretching exponent of = 0.59.

Depiction adapted from Ref. [78].
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2.5 Structure of Liquids and Metallic Glasses

In this section a general structure of metallic liquids and glasses shall be provided with basic
structural models and present what information can be derived from scattering experiments and

how this information is processed.
2.5.1 Order in an Amorphous Structure

Whereas the term amorphous is synonymously used for unordered, this is not completely true.
Even the liquid and the glassy state, both amorphous, do possess certain ordering relations and
therefore structure. Experimentally this can be easily evaluated by X-ray diffraction, where still
a signal can be obtained: broad maxima, also called “amorphous halo”. This signal is clearly
different to the distinct Bragg peaks that are created from crystalline long-range order, which
are more numerous and much sharper. Still, there has to be some certain distribution of order
that creates the scattering signal in the liquid and glassy state. Indeed, certain correlations
between the nearest atomic neighbors (short-range order, SRO) up to length scales of
I nm (medium-range order, MRO) can be found.[79] Its origin is motivated by the
topology/size of the atoms as well as their chemical nature and resulting preference to be located
next to each other (basically characterized by their enthalpy of mixing). In the past 60 years
numerous works have been conducted to understand the “order” in the disorder of amorphous
solids and liquids and to derive certain laws and rules of how they are composed. A good
historical review on the early evolution of structural models in disordered condensed matter can
be found from Finney [80], while a more detailed and general overview on the different models
of metallic liquids and especially glasses and their connection to the resulting thermophysical

properties can be found from Cheng and Ma. [79]
2.5.2 Structural Models

One of the earliest descriptions of the disorder in metallic (monatomic) liquids was provided
by Bernal [81,82], even shortly before the first amorphous metallic solid was created. In one of
his most famous works Bernal used monoatomic liquids and described their structure through
a dense, randomly packing of irregular polyhedra, such a octahedra or tetrahedra, defining the
existence of a structural short-range order (SRO). Based on this he proposed five fundamental

structural units, called “Bernal’s holes” (compare Figure 2-12). While the tetrahedron features
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the highest packing efficiency, it needs to be noted, that to successfully cover the space in 3D
more than one kind of these polyhedra and/or a significant distortion is needed [79]. In an
experiment that used steel bearings he found a distribution of holes, indicating around 70%
tetrahedra. 20% half octahedra and the rest being the remaining other holes as well as distorted

versions of them [83]

(b)

Figure 2-12: Solid sphere-model of Bernal's canonical holes : a) tetrahedron, b) octahedron, ¢) tetragonal
dodecahedron, d) trigonal prism capped with three half octahedra and e) Archimedean antiprism capped

with two half octahedra. Taken from Ref. [79].

Further important considerations of structure, particularly in metal-metalloid glasses, which are
the main focus of this work was provided by Gaskell et al. [84,85]. He proposed a structural
model in which the SRO was well defined in the glass, being highly similar to the corresponding
crystalline structure. For the Ni-P system he proposed a tri-capped trigonal prism (TTP) that
consists out of a trigonal prism (6 Ni-atoms) with a P-atom inside, that is capped by three
additional Ni atoms (see Figure 2-13). The idea of similar motifs in the equivalent crystalline
system was supported by the observation of similar structural motifs in the Ni3P crystalline
compound. For the TTPs Gaskell also explained their ability to be connected with each other
via edge sharing, leading to chain-like arrangements. This description that covers spatial
correlations beyond the nearest-neighbor shell, can be seen as a kind of medium-range order,
in which Gaskell saw the main difference between glassy and crystalline systems. Whereas the

structural units are packed in an ordered way in crystals, they are packed randomly in the glass.



State of the Art and Theory
37

Om; OMmy ! J
&N

(a) (b)

Figure 2-13: Depiction of tricapped trigonal prisms (TTP) from Gaskell’s stereochemical model for
metal-metalloid glasses . In a) the trigonal prism as a structural unit is shown with metallic atoms M;
and My together with the metalloid atom N. In part b) the chain-like connection via edge sharing of the
TTP is shown, explaining its ability to form larger ordered regions. Original from Gaskell [84],

reproduced from Ref. [79].

A model that included both concepts of MRO and SRO is the “efficient cluster packing model”,
created by Miracle et al, in the early 2000s [32,86], refined over the years taking into account
the most recent experimental results [31,87]. Principally, it is assuming the formation of densely
packed atomic clusters in the amorphous state. These clusters itself describe the average direct
environment of an atom in the system, which is created due to topological constraints,
describing the SRO. The model further includes a description of the MRO, as the arrangement
of the individual clusters in the style of a densely packed superstructure, resembling hexagonal
closest packed (hcp) and face-centered cubic (fcc) lattice structures. However, as the basic
name-giving idea of “efficient cluster packing” is based on the geometrical close packing of
spherical bodies, it is taking only geometric, topological aspects of the hard-sphere atoms into
account, neglecting any chemical interactions. Elements with a difference in their atomic radii
smaller than 2 % are considered topological equivalent, irrespective of their chemical
properties. In reality of course the chemical interactions and the question whether atom A likes

to be in the nearest neighborhood of atom B plays a tremendous role.
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Table 2-1: Atomic radii in metallic glasses used in the ECP model. Taken from Ref. [31])

Element Pt Pd Cu Ni P
Radius (pm) | 139 140 126 126 106

The ECP clusters consist of the solvent atoms Q, which are the predominant atomic species of
the system, together with the solute atoms labeled as a, B, and y in descending order of size.
The different clusters occurring in the system are named by their centered solute atom, e.g. -
cluster, depicted in Figure 2-14. The number of solvent atoms involved in the respective cluster
is directly derived from the ratio of the radii between the involved species e.g. ry and rq in the
case of the a-cluster. The irregularly shaped clusters are now randomly arranged in the hcp or
fcc structure to efficiently fill the space, without forming a long-range translational symmetry.
Similar to actual crystals, that have separate atoms on the lattice positions instead of clusters,
there are similar defects (vacancies) and interstices (octahedral or tetrahedral sites), which can
remain vacant or can be occupied by other atoms [87]. One of the strengths of this model is its

ability to describe the different kinds of MRO, as well as different types of cluster connections.

The concept of connecting schemes distinguishes between different types of cluster
connections, based on the number of atoms share between adjacent clusters [88—90]. The
different clusters may share 1 to 4 atoms with each other. In the following these connections
will be labeled as 1-atom connection or vertex sharing, 2-atom connection or edge sharing, 3-
atom connection or face sharing and 4-atom connection or distorted quadrilateral sharing. The
occurrence of these different schemes experimentally can be derived if the radial pair
distribution function (PDF) is known from structural experiments. The information is located
in the splitting of the second peak of the radial PDF [89]. From this the apparent connecting
schemes can be derived from geometrical considerations [90]. As the first peak ri determines

the nearest neighbor distance the respective distance between the second nearest neighbors for
each connection can be calculated for adjacent clusters that share one (2 1), two (V2 1), three

(\/8_/3 r1) or four atoms (v3 11). In Figure 2-15 b) these different connections are shown for
some exemplary polyhedra. Yet, it needs to be stressed once again, that in multicomponent
systems, such as most metallic glass forming liquids, the radial pair distribution function is
composed out of the weighted superposition of all partial pair distribution functions, leading to,
in a first approximation, the detected ri only being the interatomic distance of the most
prominent scattering partial in the system. Consequently, if not all partials are known the

analysis of second nearest neighbors will also not yield a full picture of the respective structure.
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a-cluster

edge-sharing

vertex-sharing

Figure 2-14: Schematic drawing of a 2D-Projection of the different atomic species a, p and Qina {100}
plane of an fcc-unit cell. The red and blue circles highlight the different a-centered and f-centered
clusters surrounded by the solvent atoms Q. The drawing was originally adapted from Ref. [86], taken

out of Ref. [91].

(b) ' ¢

Figure 2-15: Connecting schemes and their connection to the pair distribution function : a) Schematic
connection of the second peak of the radial pair distribution function g(r) of liquid Ta at 3300 K (orange)
and glassy Ta at 300 K with the atomic order and relation between the second nearest neighbor shell. b)
Schematic drawing or coordination polyhedra sharing different amounts of atoms. The connections are

labeled regarding the number of shared atoms. Taken from Ding et al. [88]
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2.5.3 Structural Information from Scattering Experiments

One way to actually determine structural information on the atomic scale, is the application of
scattering techniques such as neutron or X-ray diffraction. When carried out correctly, it is
possible to extract the total structure factor as well as the (reduced) pair distribution function
from the captured scattered intensity. Methodological information on the acquisition of
structural data is provided in section 3.3 In this section we want to give an overview on the

interpretation of the structural functions in disordered systems.

The first quantity to describe the structure of the disordered system is the total structure factor
S(Q), which is derived from the normalized intensity of the diffraction pattern (compare section
3.3.1 for a more detailed mathematical description). A representative depiction of S(Q)
determined by high energy synchrotron X-ray diffraction is shown in Figure 2-16. Compared
to a lab-scale X-ray diffraction pattern with a Cu-Ka source, the higher energy allows to cover
a larger Q-range! (compare eq. (3.20)), combined with a severely improved signal-to-noise

ratio.

For the analysis each peak, shown in Figure 2-16 can be analyzed regarding its peak position
Qi, peak height S(Q;) and peak width or full width at half maximum (FWHM) FWHM;, with i
being the order of the respective quantity, each delivering different information on underlying

the structure.

The peak position of the first sharp diffraction peak (FSDP) provides information on the average
distance between the atoms. As long as no significant structural rearrangements are possible, it
was shown that the change of Qrspp correlates well with the thermal expansion coefficient o

determined in actual dilatometric experiments [92], leading to:

V(T)
4 (Tre f )

(QFSDP (Tref) (2.36)

3
=1 T-T =
Qrsor (D) ) + (T = Trey)

with Trer being a reference temperature, whose initial volume is used as a reference (mainly

room temperature). This correlation is mainly valid in the glassy state.

15 The maximum Q with Cu-Ka would be around 8 A,
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Regarding the interpretation of the peak height S(Qi), one has to understand that a perfect long-
range ordered crystal would lead to a divergence in S(Q), whereas a value of S(Q) =1 would
correspond to a complete loss of structural order [93]. From this one can understand the peak
height, in particular the height of the first peak S(Qrspp) as a measure of order in the system.
Consequently, when a liquid is cooled it will strive towards a more ordered state, which is

manifested in a growth of S(Q) [93].

The peak width, or FWHM of the FSDP, has been shown to correlate with the correlation length
over which a repeated unit period persists in non-crystalline systems [94].Also connections to
the free volume and the relaxation state of the glass have been established experimentally,
particularly connecting the changes of the FWHM of the FSDP to changes in the MRO of the
system[77].
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Figure 2-16: Total structure factor S(Q) of PtssCu27NigsP21 at room temperature in the glassy state .
The respective maxima Q; are labeled up to the 4" maxima. The first sharp diffraction peak (FSDP) is
differently labeled by Qrspp (alternatively Q1) and the distinct pre-peak of the FSDP is also highlighted
with Qpp
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A more accessible description is provided by the reduced pair distribution function (PDF) G(r),
as it describes the structure in real space instead of the reciprocal space, used in S(Q). A
representative depiction of G(r) is shown in Figure 2-17. A more detailed description can be

found in the later chapter on X-ray diffraction (see section 3.3.1).

In a PDF the individual peak positions r; describe the average separation between atoms of the
n-th coordination shell of atoms. As G(r) contains the information of all atomic pairs in the
system, which also contribute differently to the signal (compare section 3.3.1 for general
considerations and in particular for the examined systems section 6.3.4.1), a broadening of the
peaks with increasing n is naturally observed in systems that lack long-range order. While the
average next neighbor distances are rather limited (SRO) each additional atomic shell becomes
less well defined, which leads to the a broadening of the individual peaks in disordered

systems [95].

44— 1~ 1~ T~ 1 T 1 1 1 T 1T ]
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Figure 2-17: Reduced total pair distribution function G(r) of Pt sCuz7NigsP2; at room temperature in
the glassy state . The different peak positions r; are labeled, marking the different atomic shells. The
splitting of the second peak, displaying the second nearest neighboring atoms originates from the
occurrence of different cluster connecting schemes [88]. Further the difference between the 3' and 4™
peak is highlighted, marking the linear dilation of the respective shells. This quantity is connected to the
structural fragility model of Wei et al. [96].
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The decreasing order relations at larger distances further corresponds to the decrease of the
intensity of G(r) with growing r that can be observed in Figure 2-17. The exponential decay
behavior of the individual peaks in G(r) can be connected to a structural coherence length of
the system, which represents a parameter to describe the degree of order that is present in a
system [95]. In contrast a perfectly long-range ordered system G(r) would never fully decay,
whereas any structural incoherence does lead to the decay of G(r) at growing r. Based on the
descriptions of Ornstein and Zernike the exponential decay of the peak values of the reduced

PDF G(r)max can be described in a strongly simplified form by [97]:

r

G(T)max = Ao €XP (— E) (2.37)

,where Ao describes a pre-factor and & is the coherence length. In Figure 2-18 the fitting
procedure used to determine the coherence length is shown. Here the peak values beyond length
of 6 A is used to determine the exponential decay of the medium range order and all parameters
are kept free. In particular the amplitude Ao has to be kept free to account for the changes in
G(r) with respect to temperature. Commonly the pair distribution function g(r) (compare
eq. (3.30)) would have to be used for the actual calculations instead of the reduced PDF, as it
already entails the changes in the number density with temperature. However, as the explicit
determination of the (number) density as a function of temperature, particularly in the liquid
state is not trivial the use of G(r) is much simpler. The useability of G(r) instead of g(r) was
recently shown by Stolpe, leading to similar results in the absolute values and temperature
dependence of & extracted from either G(r) and g(r) [78]. A detailed discussion on the physical
interpretation and experimental determination of the coherence length from X-ray scattering

experiments for the case of metallic liquids and glasses is provided in his work [78].
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Figure 2-18: Natural logarithm of the reduced pair distribution function . The peak values including the
3 peak and beyond are used for the determination of the correlation length according to the

methodology by Stolpe [78]

Further knowledge on the structure can be extracted from the peak area of the individual peaks
of the PDF. It provides information on the coordination number of the individual atomic shell.
The coordination number describes the number of neighboring atoms at the given distance.
However, for an actual quantitative analysis the knowledge of the partial PDFs would be needed
instead of the total PDF. To experimentally determine the n(n+1)/2 partial PDFs of an n
component system, the same number of n(n+1)/2 individual independent measurements with
different contrasts would be needed. Different contrasts can be created by using different
radiation e.g. neutron scattering techniques that also allow to exchange the different
components with different isotopic variants. The different isotopes possess unalike scattering
contributions, leading to a change in contrasts. This technique is mainly applied to resolve the
partial structures in binary systems such as ZrNi [98]. Another possible technique is anomalous
X-ray scattering, which uses the energy dependence of the scattering contribution, in particular
in the vicinity of the absorption edges of individual elements that are contained in the system.
Here, several works even tried to resolve ternary systems or parts of quaternary systems under
isothermal conditions [99—101]. However, the experimental effort, even under isothermal

conditions is extremely high and up to now not applied to study the temperature dependence of
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the individual partial structures. This might be related to the comparably low flux of neutron
sources and the low yield of photons that is possible around the absorption edges, which lead
to the need of long exposure times and limit the possibility of dynamic measurements. At this
point it needs to be noted that in the context of this work only total diffraction experiments are
carried out as the main goal is to study the temperature dependence of the underlying structure.
Nevertheless, neutron scattering as well as anomalous X-ray scattering experiments in the

glassy state and liquid state would be highly beneficial to facilitate the structural understanding.

2.5.4 Structural Signatures of Fragility
2.5.4.1 Fragility of Metallic Liquids based on changes of SRO

During the cooling of the liquid its order or ordering can be described by the changes of the
configurational entropy, which itself can be interpreted as the thermodynamic signature of
fragility (compare chapter 2.2.2). The changes of the configurational entropy during cooling
are directly related to the growth of the isobaric heat capacity of the liquid c,, indicating their
thermodynamic fragility. From a structural point of view the degree and rate of chemical or
topological ordering of the liquid should be reflected by the heat capacity and entropic changes.
The actual influence of different short-range order on the fragility and the course of ¢, is well
described in a numerical simulation by Ding et al. [102]. In their study Ding et al. compared a
fragile system, CuessZr36, with a rather strong system, Pds>Siis (compare Figure 2-19). In the
case of the fragile CussZr36 significant energy minimization was observed through icosahedral
short-range ordering. The SRO was motivated by the chemistry of both components, as well as
their topology'®. The rapidly ascending heat capacity was directly traced back as a signature of
the growing ratio of full icosahedra (compare Figure 2-20a) and b)). In contrast, such significant
ordering was not observed in Pdg>Siis, where the fraction of structural motifs was only changing
linear with undercooling (compare Figure 2-20c) and d)). Hence, the heat capacity of the liquid
was also growing less rapid than in the CuesZrse liquid. At his point it shall be noted that the
location of such ordering processes are randomly distributed through the volume of the sample.

Together with an increased intrinsic lifetime these structure are also seemingly related to the

16 1t shall be noted, that a real separation of both effects (chemical and topological order) is rather complicated, as
in the end any chemical affinity will lead to a change in topology and vice versa chemical ordering is only possible
if the intrinsic topology is allowing it. Ultimately it has to be recognized that both effects go hand in hand and their
interplay leads to the final structure.
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often observed dynamic heterogeneity of metallic undercooled liquids that leads to their

complex non-linear stretched exponential relaxation behavior (compare section 2.4 and

3.4) [103].
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Figure 2-19: Computer simulation of the thermal evolution of enthalpy and specific isobaric heat
capacity with undercooling for CuesZr3s and Pds>Siig . The two different glass forming liquids feature
different temperature dependence of both parameters, with CussZrss featuring a thermodynamically
fragile behavior with large thermally induced changes, compared to PdsiSiis, showing

thermodynamically strong behavior. The Figure is rearranged out of partial Figures from Ding

etal. [102].
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Figure 2-20 Change of different cluster species in the supercooled liquid state for two different metallic
liquids : CuesZrss (a) fractions and b) the potential energy) and Pds»Siis (¢) fractions and d) potential
energy). In the case of CuesZrss the fraction of <0 0 12 0> undergoes a significant increase, as it is
featuring the most stable configuration, underlined by the largest potential energy difference in b). This
icosahedral short-range ordering directly manifests in the decrease of enthalpy and entropy and
ultimately the rapid ascending heat capacity. In c¢) and d) the fraction of Si-centered polyhedra and their
potential energy are shown as a function of temperature. In contrast here no significant structural
ordering effects are observed, reflecting the minor reductions in enthalpy, entropy and ultimately the
rather flat ascend of the heat capacity upon cooling (compare Figure 2-19). The Figure is rearranged out

of partial Figures from Ding et al. [102].
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2.5.4.2 Fragility of Metallic Liquids based on changes of MRO

Another experimental approach to characterize the structural signature of fragility is the so-

called structural fragility parameter, mg," *>

, proposed by Wei et al. [96]. Instead of focusing
on the SRO, this parameter quantifies the changes on the length-scale of the 3™ and 4"
coordination shell (~0.7-1 nm, MRO). Instead of the aforementioned simulations it is based on
X-ray diffraction that is used to determine the reduced pair distribution function G(r). Large
thermally induced expansions on the MRO length-scale are typically observed for fragile
liquids whereas smaller thermal expansions are found for strong liquids. In order to quantify
ms’ > Wei et al. obtained structural data by total X-ray diffraction during a constant heating

with 20 K min™! and the reduced pair distribution function G(r) is calculated. From G(r) the

volume dilatation 4.3 between the 3 and 4™ coordination cell can then be calculated by
€43 = —AV,_3(T)/Va_3(Ty), (2.38)
with the change in volume between the 3™ and 4™ shell AV4.3 being
4
AV,_5(T) = 3 (i —13), (2.39)

with r4 and 13 being the peak positions of the 3™ and 4" peak of G(r). From the volume dilatation
the structural fragility parameter mg'4.3 is determined by a linear fitting of the data in the
supercooled liquid region on a Tg-normalized inverse temperature scale, mathematically

expressed by

TI
myi = deys/d(z) (2.40)

—!
T=T}§

Based on observations on seven different alloys spanning over the spectrum of fragilities
covered by metallic glass forming liquids (Figure 2-21) Wei et al. proposed a quantitative

empirical correlation between the kinetic m-fragility parameter Mkinetic,calc and mse¥* with

mYlA=3 = 2.95 - 1073 Myinericcarc — 0.124 (2.41)
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Figure 2-21: Empirical connection of the kinetic m-fragility parameter and the structural fragility
parameter . The plot was reproduced and the labelling of the alloys was adapted according to Wei et

al. [96].

2.6 Mechanical Properties of Metallic Glasses
2.6.1 Plasticity of Metallic Glasses

Crystalline metallic systems consist out of a periodic lattice, featuring well defined symmetries
and are known to be full of defects of different sizes, ranging from unoccupied sites in the
lattice, called vacancies, over linear defects such as dislocations or grain boundaries. While
these defects lead to the fact that the theoretical strength of a material is never reached, but
plastic flow is setting in at significantly smaller stresses applied, it is exactly those defects that
facilitate the large plasticity observed in metallic crystalline materials. Classically this
deformation takes place through the movement of dislocations, but also through the sliding of
grain boundaries to just name some example. In contrast, amorphous metals that lack a long-

range ordered crystalline lattice in general, they of course also lack dislocations and grain
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boundaries, being the carrier of plastic deformation. This implies, that the amorphous structure
can withstand stresses close to theoretical strength, leading to yield strengths oy of 0.3 GPa for
Ca-based systems up to 6 GPain Co-Ta-B[104]. However, the absence of these classical
mechanisms also means that the stresses applied cannot be distributed by plastic deformation
by the same mechanisms as in crystalline metals. Further the limit for elastic strain &y of
amorphous metals is around 2%, which is much higher than the conventional 0.2% for
crystalline material, being rather in the range of polymeric materials. This combination leads to
amorphous metals being tagged as “Harder than steel and as elastic as polymers”. But this is
not the end of exceptional mechanical properties, as two other interesting features can be
derived: a) the large elastic deformation and high strength gives the material a large capacitance

to store elastic energy Eelastic (Eclastic = %Gy gy) and b) a relatively small Young’s modulus Eyoung,

which can be derived from the ratio of yield strength and elastic limit (Eyoung = :—y).
y
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Figure 2-22: Strength of different classes of materials as a function of elastic limit for different groups
of materials . The area of the shaded triangle is representative of the elastic energy that can be stored in
the respective class of materials. The slope of the hypothenuse is representative of the Young’s modulus

of the respective class of materials.
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To understand the deformation behavior, one has to differ between two regimes. The first one
is a so-called homogeneous deformation, which can be observed at elevated temperatures
around the glass transition when applying moderate strain rates. This homogeneous
deformation mode is possible due to the unfreezing of the atoms in the vicinity of the glass
transition temperature, leading to a highly viscous flow of the material. In this regime, (compare
right side of both diagrams in Figure 2-23) severe “superplastic” deformations of several 1000%
are possible, comparable to a silicate melt or a thermoplastic polymer [71,105]. In a large
contrast to that is the inhomogeneous deformation mode, which is present at temperatures well
below the glass transition temperature or at high deformation rates. For its activation large
stresses are needed. In comparison to the cooperative flow of the homogeneous scenario, here
a small volume is activated, called shear transformation zone (STZ) (compare Figure 2-24). In
the STZ shear-induced local inelastic rearrangements take place that transfer the system locally
from one low energy configuration to another, bypassing an intermediate “activated
configuration” of higher energy [71]. While the STZ could be seen in analogy to a dislocation,
it is important to note that the STZ is no inherent structural defect, but rather a transient effect
during the deformation. However, the location of a STZ is not independent of the underlying
structure of the glass. STZs prefer to be initiated in regions of lower stiffness featuring a less
densely packed structure, i.e., in regions of higher free volume. The latter is ununiformly
distributed promoting the inhomogeneous nature of this deformation process. Another critical
point during this deformation process is the fact that within these STZs a local volume dilation
is occurring [68,106,107], which goes in hand with a further softening of the local structure.
This less dense local structure is unable to heal through local atomic redistributions due to the
limited diffusion at the given low temperatures of inhomogeneous flow. This promotes an even
higher localization of the STZ in their direct surroundings, ultimately leading to an
accumulation of many STZs to so called shear bands. These shear bands can easily migrate
through the mechanically stressed material, as there are no hindering mechanisms i.e. grain
boundaries, until they reach a free surface where they lead to a macroscopic shear offset and
often failure of the material [108]. Under tensile load this leads to an apparent brittle behavior
on the macroscopic scale with a single shear band cutting through the sample at an angle of
45 °[109], whereas large plastic flow is occurring localized inside the shear bands [110]. To
achieve macroscopic plasticity the movement of the shear bands needs to be hindered by some
internal barriers. For example during bending of a metallic glass the neutral fiber in the middle
of the beam can act as such a barrier, leading to the observability of plasticity in bending, even

at room temperature [109,111]. In this neutral fiber the bending stress becomes zero, which
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blocks the propagation of the shear band. This does lead to the formation of new shear bands,
so called shear band multiplication, to compensate for the imposed macroscopic strain. The
multiple shear bands are detectable as serrations in the stress-strain curves due to the stick-slip
behavior in their propagation [112—114]. The ability of multiple shear banding itself facilitates
the observation of plasticity and is therefore an intrinsic property of the material. It was shown
that intersecting, branching and slipping, resulting from the interaction of the multiple shear
bands is playing an important role when large plasticity is observed in metallic
glasses [109,115,116]. Numerous studies have shown that the thermal history, composition and
the resulting underlying structure play a crucial factor on the ductility of metallic
glasses [33,117,118]. But the question, on how to exactly facilitate the multiple shear banding

through manipulation of composition and structure, is still not fully answered.
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Figure 2-23: Deformation map of metallic glasses for stress and strain-rate as a function of temperature.
The main focus for this work lies on the distinction between homogeneous and inhomogeneous

deformation taking place at different temperatures and deformation rates. Taken from Schuh et al. [71]
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Figure 2-24: Schematic illustration of deformation mechanisms in metallic glasses , depicting the models

of a shear transformation zone (a) or a local atomic jump (b). Taken from Schuh et al. [71].

2.6.2 Cooperative Shear Model and Time-dependent deformation

behavior

Over the years the concept of shear transition zones (STZs) was further elaborated in many
ways. One model, used in the context of this works, was established by Johnson, Samwer and
coworkers [119,120]. The so called Cooperative Shear Model (CSM) combines deformation
mechanisms together with rheological properties such as the shear modulus to predict the failure
of metallic glasses. It is based on the concepts of inherent states and the potential energy
landscapes [121,122]. It leads to a universal scaling law of the critical flow stress (yield stress)

as a function of temperature:

T

. 2/3
c
< (T) =Yco— Y1 <@> (2.42)

, with 7. being the critical shear stress for flow (yield stress), G being the shear modulus and
Yco = 0.036 and y-; = 0.016 being empirical coefficient in the dimension of a shear strain [119].
Ultimately, it is anticipated that the ductility of BMGs intrinsically depends on the actual
volumes of the STZs [119,122,123]. Hence, an accurate determination of the sizes of STZs, is
of key importance, when aiming to understand the plastic deformation process. In the context

of the CSM Pan et al. derived a formula for the activation volume AV'[123]:
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AV*

7 \din(0) | .~ Tmses (2.43)

kg T <dln(y') ) _ kgT
b, T
with the strain rate sensitivity msrs. This quantity can experimentally be determined through

the strain-rate dependence of the hardness:

dln(Hmech)
— ) (2.44)

mSRS:( dn@ /),

,where Hmech 1S the micromechanical hardness and € is the strain rate.
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Figure 2-25: Strain rate dependence of Hardness reported on a log-log scale. A linear fit of the hardness
values is used to determine the strain-rate sensitivity msgs. Plot created from experimental data for

Pt42.5Cu27Nig 5P2;.
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2.6.3 Embrittlement of Metallic Glasses

As already coarsely outlined in section 2.6.1, the ductility of metallic glasses can be affected
by various intrinsic and extrinsic factors. In the following a short overview on some of these
factors shall be provided. First the extrinsic influence of the thermal history, characterized by
fictive temperature and resulting free volume, then the more intrinsic influence of the
composition and in the end also how the structure is influenced by both, composition and

thermal history, ultimately condensing in the macroscopic embrittlement.
2.6.3.1 Influence of Thermal History: Fictive Temperature

One effect that was observed and studied is the general influence of the thermal history of a
metallic glass on the mechanical properties. The term thermal history summarizes the effects
of the cooling rate at which the glass was obtained, but also incorporates the annealing steps
the glass has experienced afterwards (compare section 2.4). Ultimately, the thermal history
allows a description of a defined enthalpic, volumetric and structural state of the glass. In
literature the influence of thermal history is often described separately regarding annealing or
variated cooling rates [117,124-126]. The effects of the different thermal histories on the
ductility are often traced back to the amount of so-called free volume in the mechanically
probed glass [68]. The free volume model describes the residual excess volume that is frozen
in the glass, when the supercooled liquid is leaving its metastable equilibrium. Similar to the
residual enthalpy, the free volume is higher, if the glass was obtained by fast cooling, i.e. it
possesses a large fictive temperature Trc (compare section 2.3.1). Experimentally validated, a
reduction of the free volume and the respective fictive temperature leads to an embrittlement
and lowered fracture toughness with a decreased ability of shear band formation, together with
an increase in the hardness and Youngs modulus [67,126—130]. Vice versa an increase of the
free volume and the fictive temperature, through processes like faster cooling out of the
SCL [131-133] or severe plastic deformation e.g. cold-rolling [134-136], leads to a more

ductile and tougher metallic glass.
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Figure 2-26: Critical bending strain to failure at room-temperature for three different classes of metallic
glasses with different fictive temperatures . The fictive temperatures are normalized with respect to the

glass transition temperature at 0.33 K s™'. "Taken from Kumar et al. [117]

A good phenomenological criterion is provided by the “critical fictive temperature model”
established by Kumar et al. [117]. It describes the thermal history of the glass through a single
parameter, the fictive temperature, which can be assessed through calorimetric
measurements [ 137]. Within one chemical composition they determine a specific critical fictive
temperature Trcc , below which a brittle mechanical behavior of the material can be observed.
Especially the location of this critical fictive temperature with respect to the glass transition
temperature is of special interest, as it directly provides a tendency if conventionally casted
material will behave brittle or ductile. In Figure 2-26 the fictive temperature normalized by the
glass transition temperature is depicted for three different metallic glass-forming compositions.
Within each system the plastic deformation decreases linearly with a decreasing fictive
temperature, mirroring the decrease in free volume. However, significant changes in the slope

of this decrease as well as the location Trc,c with respect to T, can be observed between the

17 It shall be noted that the fictive temperature is here labeled as Ty and its critical value as Tg. In the context of
the current work T and T are used to make it well distinguishable to the temperature of fusion Tr.
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different studied alloys, underlining the influence of the composition and atomic species

incorporated in the glass itself.
2.6.3.2 Influence of Composition

From the depiction in Figure 2-26, the drastic changes of mechanical performance with respect
to the composition in different metallic glass-forming systems becomes eminent. Within the
material family of metallic glasses there are intrinsically extremely brittle compositions such as
Fe-based BMGs that feature a fracture toughness comparable to silicates, whereas other
compositions behave as ductile as conventional Al-based crystalline alloys. Finding the specific
mechanisms of this compositional embrittlement is still an ongoing research topic. The
understanding of these mechanism is of high importance for the usage of metallic glasses in
structural applications as it would facilitate the development of ductile, more damage tolerant
compositions. For this purpose, systematic variations of composition can enable the

understanding in specific systems and are one way to find more general implications.

In the context of this work especially the work by Kumar et al. on the embrittlement of Pd-
based metallic glasses is of interest [33]. He investigated the difference of ductility between
(stoichiometrically) different metallic glasses containing Pd and Pt. He observed a larger
tendency to embrittle in the glasses that contain more Pd. This fits well the tendency of the
fictive temperatures in Figure 2-26, where the critical fictive temperature of the Pd-BMG is
found above its glass transition temperature at 0.33 Ks! (Tfico(Pd-BMG) = 1.03 Tg), in
comparison to the Pt-BMG, where the critical fictive temperature is located well below T,

(Thico(Pt-BMG) = 0.9 T,).
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Figure 2-27: Scanning electron microscopy images of the as-cast beams with different Pt/Pd content
after a bending experiment. The Pt content is rising from a) to d) with a) being a Pd-BMG
(Pd43Cu27NiioP2) , b) being a Pd-Pt ratio of about 3:1 (Pd36Pto 3Cu2sNig 3P204), ¢) being an almost equal
amount of Pd-Pt (Pdy7.5Pt21Cu2.4Nis 1P21), and d) being a Pt-BMG (Pts75Cu14.7Nis 3P22.5). Whereas for
the Pd-rich beams a brittle fracture without visible shear bands is observed, multiple shear band are
visible of the surface of the beams containing a higher amount of Pt in ¢) and d). Taken from Kumar et

al. [33].

The scanning electron microscopic images in Figure 2-27 give a good phenomenological
impression of the different mechanical performance of the glasses with different Pt-Pd contents,
with Pd-rich ones showing a brittle fracture, in a stark contrast to the multiple shear banding
observed in glasses containing an equal amount or more Pt than Pd. Unfortunately, the
compared systems do differ in their overall noble metal content as well as the ratio of the other
components, which makes it hard to make a quantitative statement. However, it is one of the
starting points for this current work, to systematically study the influence of the Pt-Pd ratio in

(Pt/Pd)42.5Cu27Nig.sP2;.
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2.6.3.3 Influence of Structure

From the preceding sections it becomes clear that the mechanical performance is defined by the
combination of the specific chemical composition, which basically sets the frame of which
ductility can be reached, and the then applied thermal protocol, ultimately defining the
mechanical properties. The respective explanation of specific free volume being determined by
the interplay of both and then leading to the mechanical response of the material might be
satisfying but is rather phenomenological. Deeper insights are anticipated by structural
considerations. Unfortunately, with the lack of translational long-range order in the material the
derivation of direct structure-property relations is extremely challenging from an experimental
point of view. However, the established concepts of specific atomic clusters, establishing a
short-range order (SRO) and these cluster sometimes possessing ordering relations among
themselves, the medium-range order (MRO) are helpful tools to describe the order in the

perceived disordered structure [138,139] (compare section 2.5.2).

Especially the medium range order, reaching beyond the nearest neighbor (NN) relation in the
pair distribution function and especially the number of atoms shared between neighboring
cluster, i.e. how they are connected, was shown to be important for the respective mechanical
properties [88]. In particular it was shown that these different cluster connections do react
differently to external loads. In a recent simulation study, Ding et al. imposed a shear strain to
eight different metallic glasses and simulated the resulting shear strain of differently connected
clusters. The results of the simulations, depicted in Figure 2-28, show significant differences
between the actual shear strains on the respective clusters compared to the imposed
macroscopic strain. When reflecting that different connecting schemes are basically always
present in any amorphous system, this further underlines the inhomogeneous nature of any
elastic deformation state present in an amorphous material. Whereas for the 1-atom connection
almost no difference between the external and microscopic strain can be observed, the 2-atom
and especially the 4-atom connections show a much higher deformation, meaning they behave
less rigid compared to the average. In a stark contrast the 3-atom connection is the only atomic
arrangement that behaves stiffer than the macroscopic sample. This heterogeneous distribution
of shear within the probed sample due to the different connections underlines the importance
of also including the structure of the glass, when interpreting the macroscopic properties i.e. the

shear modulus to bulk modulus ratio to predict a mechanical response [109,118].
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3. Materials and Methods

3.1 Sample Production

3.1.1 Alloying

All samples in this work are produced from high purity raw elements (purity > 99.95%). They
contain a high amount of P (21 at%, translating to 5.8 - 8.7 wt%, depending on the
composition), which in its elemental form is highly volatile, basically possessing no stable
liquid phase under ambient pressure and a low evaporation temperature (554 K). Hence, special
caution and a good alloying strategy is needed to safely introduce the elemental phosphorus
into the alloy. A special procedure was developed and well-probed for Fe-P and Ni-P pre-alloys,
which was then adapted for noble metals. For this alloying technique all metallic, nonvolatile
components of the alloy (Pt, Pd, Cu, Ni) are molten in an arc-furnace under Ti-getter purified
high purity Ar atmosphere (Ar. 5.0), to create a metallic precursors alloy. Master alloys of
Pt4.5Cu27Ni9 sP21 and Pd4z 5Cu27Nig sP21 are produced by inductively melting the high-purity
metallic precursors alloy and the elemental phosphorous under a slight over-pressure
(+ 0.1 mbar to ambient pressure) high-purity argon (Ar 6.0) atmosphere in a fused silica tube,
priorly evacuated to at least 5 x 10~ mbar. In the silica tube, the metallic precursor alloys are
put on top of the elemental phosphorous and are heated inductively at the top until the metal
starts to melt. The dropping and flow of the melt through gravity ensures a sealing of the area
below, where the P is located, creating a sealed reaction chamber for P to dissolve in the metallic
melt, hindering its evaporation. For this step it is important that the inner diameter of the silica
tube is not significantly bigger than that of the metallic pre-alloy. In the current case an inner
diameter of 12 mm was chosen, as the metallic pre-alloy features diameters of around
9 +2 mm. The hot metal above the reaction area absorbs the small amounts of evaporating
phosphorous, limiting its loss. Images documenting the different steps are provided in Figure
3-1. After the alloying process, any loss of mass can be accounted for by P, as none of the metal
should have evaporated at the overpressure and the temperatures used. By weighing of the
samples after the process deviations in P-content can be assured to be below 0.5 at%. For these
noble-metal and phosphorous containing alloys, it is reported in Ref. [140] that a fluxing
treatment with B2Os3 is possible to cleanse the melt of residual impurities that can act as nuclei
for crystallization, thereby greatly increasing their ability to be undercooled and consequentially

their ability to form a glass. Subsequently, the pre-alloys are heat-treated in dehydrated B2Os
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for at least 16 hours at 1200 °C under high purity Ar atmosphere in a fused silica tube with a

larger inner diameter of 16 mm according to the procedures described in Ref. [140].

metallic parts (Pt,Cu,Ni) positioning of the inductive melting of the final alloy with
are alloyed in an arc precursor alloy on top of precursor on top of the P in desired P-content
furnace to create the P followed by inductive the Ar-filled fused silica

precursor alloy melting tube

Figure 3-1: Schematic of the alloying procedure with P: Starting from the elemental metallic components
(a) that are used to form the precursor alloy, which is then inductively alloyed on top of the volatile
elemental P (b) in a sealed silica tube under argon atmosphere, preventing the loss of P during the

alloying (c), leading to the final alloy with desired P-content (d)

Figure 3-2: Purified Master-alloy of Pt4> sCuz7-Nig sP2; after the fluxing procedure with B,O;
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Finally, the purified master-alloys are mixed in the ratio of the desired compositions;
Pt42.5.xPdxCu27Nio sP21 where x is x =0, 2.5, 7.5, 12.5, 17.5, 20, 22.5, 30, 40, 42.5 at%. In the
following the specific alloys will be termed by their Pt and Pd content, e.g., Pt22.5Pd20 for
Pt22 5Pd20Cu27Ni9 sP21. The solid mixture is then re-melted in an arc furnace under a high-purity

argon atmosphere, to ensure homogeneity of the sample.
3.1.2 Casting Techniques

To achieve the final amorphous products in the desired geometry different casting techniques
are needed. In the context of this works samples in the dimension of ribbons (~20 um in

thickness), 500 um thick plates, 2 mm thick plates, and rods of 5 mm diameter were used.
Tilt Casting

The two latter geometries are produced by a tilt-casting process into a directly water-cooled
Cu-mold after inductive heating in a ZrO» coated quartz crucible (compare Figure 3-3). This
technique allows the melt to be cast without larger turbulences or shear forces comparable to
e.g., suction casting. Unfortunately, this technique is not favorable for all geometries and bulk
glass forming alloys for several reasons. Firstly, a high specific weight of the used alloys is
needed to enable a good filling of the mold. Further, a low melting point of the used composition
is needed, allowing sufficient overheating of the melt, which is generally important but even
more as the inductive heating limits the absolute temperatures reachable. Also, the filling of
smaller cavities becomes harder, when the mold is only filled by gravitational forces, mainly

limiting this technique to casting diameters of 1 mm and above.
Suction Casting

Smaller sample dimensions, such as the 0.5 mm plates that are well suitable for X-ray
diffraction studies, are produced using the suction casting technique. Here, the alloys are re-
melted by an electric arc under a Ti-gettered high-purity argon atmosphere and subsequentially

sucked into water-cooled copper molds in a custom-built suction casting device.
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Figure 3-3: Modified MC15 tilt-casting device from Indutherm-Erwdrmungsanlagen GmbH . An
additional water-cooling system is attached to the vacuum chamber in the front. This feature allows

direct water cooling of the Cu-molds.

Figure 3-4: 0.5 mm thick plate out of Pts> sCuz7NiosP21 with the 2 mm gate and cast-on section created

through suction casting into an indirectly water-cooled Cu-mold.
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Melt-spinning

Due to the low incident energies of around 8 keV, used in X-ray photon correlation
spectroscopy (XPCS), small sample thicknesses of around 20 um are needed to enable a
measurement in transmission mode with sufficient signal-to-noise ratio. Hence, ribbon-shaped
samples of all alloys are produced by a melt-spinning technique. The device consists out of a
vacuum chamber with a quartz nozzle inserted in an inductive heating coil, which is located
above a fast-spinning Cu-wheel. The alloy is put into the nozzle and is inductively heated well
above its liquidus temperature. The nozzle itself is connected to an inert gas supply i.e. Ar, that
allows a spraying of the liquid melt onto the Cu-wheel. The thin jet of molten metal is cooled
extremely fast by the large thermal mass of the wheel, reaching cooling rates of up to
10° K s! [141]. The width can be controlled by the size of the nozzle, which in this case had an
8 mm opening. The thickness of the obtained ribbons can be controlled by the rotational
velocity of the wheel. For the Pt-Pd-Cu-Ni-P based samples a rotational speed of 2700 min™!
and a maximum heating power of 40% was used to create ribbons of approximately 10-18 pm
thickness. The heating time was adjusted to the amount of material ( ~2 g) in the nozzle to

ensure a full melting and homogenization of the melt via visual observation.

3.2 Calorimetry
3.2.1 Differential Scanning Calorimetry
3.2.1.1 Temperature Scans

The significant changes in heat capacity between glass and liquid state as well as the release of
heat during crystallization or latent heat needed during melting highly endorse the use of
calorimetric techniques for the characterization of amorphous metals. Hence, calorimetry is
used to quantify the thermophysical properties of the alloy system, regarding glass transition,
crystallization and melting behavior. This means that the quantification of characteristic
temperatures like glass transition Ty, crystallization Tx, melting T, and liquidus temperature Ti,
but also specific isobaric heat capacities of liquid, crystal and glass and the respective changes

in enthalpy and entropy involved in the transition between the different states is possible.

Per definition calorimetry focusses on the measurement of differences in heat in a material. The
absolute heat Q cannot be measured directly, but changes in heat AQ can be tracked through

changes in temperature AT being connected via the mass m and heat capacity c of the material:
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AQ =mc AT 3.1

In the most simple variant, differential thermal analysis (DTA), the same temperature protocol
is applied to a sample (S) in an inert crucible and an (often empty) reference (R) crucible, while
the temperature difference ATsr between both sides is tracked. Like that exothermal and
endothermal processes as well as changes in the heat capacity of the sample can be tracked

through a positive or negative difference in temperature compared to the reference.

isolation

furnace | furnace Il

Figure 3-5: Schematic of a power-compensated differential scanning calorimeter (DSC) , consisting of
two separate micro-furnaces, which can be heated individually by a heating power P and are controlled
by the temperatures detected by thermocouples directly below the crucible. The left side contains the
sample in its crucible, whereas the right side only contains an empty crucible, serving as a reference.

Taken from Ref. [91].

In this work a differential scanning calorimeter (DSC) of the type DSC8500 from Perkin Elmer
was used. This type of calorimeter applies the so called “power-compensation” method. This
mode of operation differs significantly from “heat-flux” DSCs, that are widely spread in thermal
analysis. Whereas the latter method is based on measurements of temperature differences alike
DTA, the power-compensated DSC tries to eliminate the temperature differences by applying
different heating power to sample and reference. Technically this is realized by thermally

insulating the sample and reference side from each other and each side possessing its own
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heating element and thermocouple. A sketch of the power-compensated DSC is provided in
Figure 3-5.This allows to keep ATsr constant over the course of the measurement, by reducing
or rising the heating power of the sample side Ps. This allows a direct physical measurement of
the difference in heating power APsr that is needed to ensure thermal equilibrium, which itself
is proportional to the heat flow dQ/dt=Q into or out of the sample. This heat flow can be
described through the derivative of Eq.(3.1):

aQ . dT (3.2)

dr Q = (mg —mg)(cs — cr) dt :

, where ms is the mass and cs the heat capacity of the sample and mr is the mass and cr the heat
capacity of the reference, which is assumed to be zero. The used power-compensated DSC8500
can be operated in a temperature range from 183 K up to 983 K by using a three-stage

intracooler. The maximum linear heating and cooling rates that can be applied are around 3 K s

!, The lower limit is basically given by the sample mass that can be inserted into the calorimeter,

. . N . . dr
ensuring a detectable measurement signal, as Q is directly proportional to the applied rate prl

T (compare Eq.(3.2)). All measurements below 873 K are carried out in conventional
aluminum crucibles, while measurements above this temperature, which include the melting of
the samples, are carried out in graphite (C) crucibles. Calibrations of heat flow and temperature
are conducted for each combination of applied rate and crucible type based on the melting of
pure In and Zn. For the high temperature measurement in C crucibles also the melting event of
Al is used. All measurements are carried out under a constant flow of high-purity

Ar6.0 (99.9999 wt%) with a flow rate of 20 ml min™'.
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3.2.1.2 Interpretation of the Heat Flow Signal

Now the question arises how the measured heat flow is related to the thermophysical properties
such as the isobaric heat capacity and enthalpy. To relate the changes in heat, one has to look

at the definition of the enthalpy H:
H=U+pV (3.3)

, where U is the internal energy and p is the pressure and V is the volume. By calculating the
total differential, applying the assumption of isobaric conditions'® (dp = 0) and the 1% law of

thermodynamics:

dH = dU + pdV + Vdp
dH = dQ — pdV + pdV (3.4)
dH = dQ

Hence, the measured heat flow Q normalized on the applied heating rate T can be directly
related to the enthalpy release via integration in temperature space:
T2 ()
AH=K | =dT, (3.5)
, T
, with K being a calibration constant, based on the heat flow calibration. Respectively, the

specific isobaric heat capacity is proportional to the measurement signal, the heat flow Q can

be calculated by:

, (3.6)

,with M being the molar mass of the sample and K being a constant. This constant is used to

represent on the one hand the calibration but also the uncertainty resulting from the assumptions

18 The isobaric assumption is mostly used for condensed matter like liquids and solids. In the case of gases, which
are mainly encapsulated during measurement, isochor conditions are normally assumed, which leads to the heat
flow being proportional to the isochor heat capacity ¢, and its integration leading to information about the internal
energy U of the measured system.
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of a reference having no thermal mass (mr and cr being zero), which would actually result in
an additional heat flow Q,. Hence, the actual heat flow of the sample would be more accurately

described by:

- dT+. 3.7)
Qs—mscsdt Qo .

The baseline subtracted heat flow curves! can then be evaluated via a tangent method and
proper integration, as depicted in Figure 3-6. Here an amorphous sample is heated above the
glass transition temperature, with its depicted temperatures of onset Tgon and end Tgend 0f the
glass transition, followed by the increased heat capacity of the supercooled liquid and then the
crystallization at the crystallization temperature Tx. At elevated temperatures the melting sets
in, visible by an endothermic peak or set of peaks. The starting temperature of this event is the
melting temperature Tm and the end temperature after which the sample is fully liquid is the
liquidus temperature Ti. For a well reproducible determination of the crystallization enthalpy
AHx the integration is performed over the zero-baseline as it represents the crystalline state. The

same is done to determine the enthalpy of fusion AHt.

19 In the case of measurements below the melting point always the second scan of the fully crystallized sample is
used. If melting is involved the baseline has to be interpolated in the section of melting.
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Figure 3-6: Depiction of characteristic heat flow curve of a DSC measurement and its characteristic
temperatures and how they are determined through the tangent method as well as the enthalpies of
relaxation, crystallization, and melting and the used baseline for their integration from the heat flow
signal in this work. The dotted red line depicts the applied baseline and the full red lines are the tangents

used.
3.2.2 Heat Capacity Measurements

For high-precision determination of the heat capacity it is necessary to account for the additional
heat flow Q, mentioned above, by using a reference measurement under the same experimental
conditions for a material of known heat capacity. In this work a Sapphire disk with a diameter
of 4 mm and a mass msapphire = 37.52 g 1s used. This leads to the description of the heat flow of

the sapphire:

. dT .
QSapphire = mSapphire CSapphire E + QO (3'8)
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A combination of both Eq. (3.7) and Eq. (3.8) leads to a heating rate independent term for the

heat capacity of the sample:

QS - QO mSapphire

Cs CSapphire (3 -9)

QSapphire - QO mg

Under isobaric conditions this leads to a specific isobaric heat capacity of the sample:

. m . M
Cp,s(T) - _ QS QO Sapphire S

) ¢p,sapphire (T, (3.10)
QSapphire — Qo mg MSapphire p,Sapphire

With Msapphire = 20.392 g/mol. Consequently, the measurement of three different configurations
is needed to accurately calculate the ¢, of a sample at a given temperature: empty pans (Q),

reference sample (here sapphire, QSapphire) and the actual sample (Qs).
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Figure 3-7: Schematic drawing of the resulting heat flow during the application of the thermal protocol

of the step-method for high-precision measurements of the specific isobaric heat capacity.
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Further elimination of baseline effects is provided by the accession of discrete temperatures
compared to a continuous scan. A common mode is a so-called step-method. Here the samples
are heated at a constant heating rate of 0.33 K s™! to a temperature T1, followed by an isothermal
equilibration process step with a holding time tiso = 120 s. During heating a non-isothermal heat
flow Q7.0 (T1) can be determined relating to the heat flow needed to heat the sample to the
desired temperature Ti. Afterwards, during equilibration an isothermal heat flow Q;o(T1) is
established, corresponding to the heat flow needed to maintain the temperature T; [58]. Finally
the heat flow of the whole temperature step can be calculated by the difference of both heat

flows, while the isothermal heat flow could be interpreted as a kind of baseline:

Q (Ty) = Q70 (T1) — Q=0 (T1) (3.11)

The determination of both heat flows during the applied underlying heating protocol is
schematically shown in Figure 3-7. Further a detailed drawing of the heating protocol and actual
measured heat flows are depicted in Figure 3-8. It is important to note that the size of the
sapphire or the reference material itself should somehow mimic that of the measured sample to

create similar conditions for the heat transfer.

In the framework of this work heat capacities of the glassy, supercooled liquid, crystalline and
liquid state are determined. The liquid state is measured in crucibles out of C, whereas Al
crucibles are used for the other states that do not involve melting of the crystalline phase.
Wherever possible Al crucibles are preferred as they possess the smallest thermal mass
combined with good thermal conductivity, leading to the smallest thermal inertia. For practical
purposes the empty pans are measured first, followed by the sapphire and then followed by the
initially amorphous sample. After the crystallization of the initial amorphous samples during
the heating run, the samples are heated closely below the onset of melting T to ensure a full
crystallization. Afterwards the measurement program is repeated to record ¢, for the crystalline
state. The same samples are used for the determination of the liquid ¢, above Ti, measured in C
crucibles. For each alloy the measurement is repeated at least once with a shift of the

temperature steps by 5 K.
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Figure 3-8: The underlying time-temperature profile and resulting heat flow during the step
measurement for amorphous and crystalline sample, sapphire and empty pans. The heat flows are taken

from actual measurements.

The discrete values of the specific isobaric heat capacities of the liquid and crystalline state are

then fitted by Eq. (2.6) and Eq. (2.7)
3.2.3 Tg-shift Method

One method to assess the kinetics of the glass transition process, describing the transformation
process from the glassy non-equilibrium back to the (metastable) equilibrium liquid state, is the
so-called Tg-shift method. The observed glass transition temperature in a calorimetric
measurement is highly dependent on the applied heating rate, as well as the thermal history of

the sample and in particular the cooling rate it experienced leaving the liquid state, ultimately
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described by the fictive temperature Trc. A detailed review of the influence of the thermal

history and the concept of the fictive temperature is found in sections 2.3.1.

Consequently, a well-defined thermal history i.e. fictive temperature is needed for a correct
examination of the glass transition process. This well-defined state is created by heating the
samples into the supercooled liquid state, followed by a defined cooling rate T that is equal to
the heating rate Ty which is probed afterwards. For these conditions of similar heating and
cooling (T4 = T,) it was shown that the onset of the glass transition in heating Tg on is coinciding
with the fictive temperature Tre in cooling [142]. Based on the observed width of the glass
transition in heating a transition time Twans can be defined for the specific fictive temperature

that was created as:

Tg,end - Tg,on

T (3.12)

Ttrans(Tfic) = Ttrans(Tg,on) =

This transition time describes the time the glass transition process takes under non-isothermal
conditions and provides a timescale to the transition kinetics. It has to be underlined that it is
an intrinsic property of the frozen-in non-equilibrium, which is the reason why it is influenced
by thermal history. It is important to distinguish between transition time and the relaxation time
of the SCL, which is an intrinsic property of the (metastable) equilibrium liquid. Hence, this

property is only assessable above the kinetic glass transition temperature.
3.2.4 Modulated Differential Scanning Calorimetry

Modulated differential scanning calorimetry (MDSC) is an alternative operation mode of a
conventional DSC, applicable mainly in heat-flux DSCs. In this method a modulation in
temperature allows the separation of the heat flow into reversible and irreversible components,
ultimately providing a tool to distinguish between thermodynamic and kinetic contributions

during a relaxation process such as the glass transition phenomenon.

The first descriptions of this method were made in the early 90’s by Reading et al. [143,144].
In MDSC the linear heating rate T, is superimposed by a sinusoidal modulation of the

temperature, where the absolute applied heating rate Ty st can be described by:

Tabsolute(t) = TO + Arwcos (wt) (3.13)
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where At is the amplitude of the temperature modulation and ® is the angular frequency of the

modulation which is connected to the period time P by

p="— (3.14)

The modulation of the temperature described by Typsoute(t) leads to a modulated heat flow
signal HFmod(t). From the sliding average of HFmod(t)*°, the total heat flow HFo(T) is derived

where T refers to the average temperature defined by T,.

According to the approach of reversing and non-reversing heat flow, described in Ref. [145],
this resulting heat flow HF:(T) can be split into a reversing heatflow HF.(T) and a non-

reversing heatflow HFnon-rev(T):

HFtot(T) = HF;‘ev(T) + HFnon—rev(T) (3.15)

The course of these heat flows, illustrated in in the case of the Pt42.5Cu27Nio sP21 alloy, highlights
their different trajectories and temperature dependencies. In particular, the HF(T) is
resembling a conventional temperature scan at the respective linear heating rate T, featuring a
step at the kinetic glass transition event. Similar behavior can be observed for the HF v, but at
higher temperatures. This effect is due to the fact that the reversing heat flow is not probing the
kinetic glass transition, but the dynamic glass transition. Hence the observed step in the signal
is not due to the applied linear rate, but its modulation frequency/period. While the kinetic glass
transition describes the devitrification of the system and its recovery of the metastable
equilibrium state, the step in the reversing heat flow describes the ability of the liquid 2!, due to
its intrinsic dynamic state i.e. atomic mobility, to “follow” the external perturbation given

through the temperature modulation. This means the step in the heat flow corresponds to the

20 A sliding time window of the length of one modulation period is used for a Fourier analysis of HFmoq(t) to
determine the average value and amplitude of it.

2l Hence, the probing of this effect/property is only possible above the kinetic glass transition, as the metastable
equilibrium of the liquid has to be established already.
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temperature region, where the average relaxation time spectrum of the liquid t4(T) is in the

For smaller modulation periods, the step in the reversing heat flow shifts to higher temperatures
and t4(T) decreases. The temperature of the dynamic glass transition Tgdyn, is defined as the
inflection point of the curve, determined by peak fitting of the maximum of 6HFey(T)/0T. A
depiction of the fitting is depicted in Figure 6-4a).

t(s)
2000 2500 3000 3500 4000 4500

[ [——HF, o) | 9 =1K/min :

- — HF(T) |[A;=05K 101

I HF o (T) P=45s H
[ || —— HE et 1) 1 -
i 1 | =
g i Il L £
5 . it S
2 Bt it f“ S
L . | ‘ . UL i
- v‘ H ' t ”f i =
i I

| |02 Pt,; sCuy;Nig ;P4

490 500 510 520 530 540
T(K)

Figure 3-9: Modulated heat flow HFnoq(t) induced by the sinusoidally modulated temperature during a
heating scan of Pts> sCuz7Nig sP21 . The total heat flow HF o«(T) resembles a classical DSC scan at a linear
heating rate, featuring the kinetic glass transition event due to the linear heating rate T, (in the depiction
it is noted as qo) . The reversing heat flow HF.,(T) features the dynamic glass transition event, due to
the underlying modulation period/frequency. The non-reversing heat flow HFponrev(T) mathematically

originates from difference between HF«(T) and HFo(T). Taken from Frey et al. [146]
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It is important to note that there are several assumptions to be made that lead to the simplicity
of the given formulas. In particular for MDSC high attention has to be paid to not severely
violate these assumptions, as it can lead to serious misinterpretation of the measured signal. At
first no structural changes should occur during one period of the sinusoidal modulation.
Whereas this assumption is still valid for small changes in heat flow e.g. during the glass
transition, it is strongly violated during crystallization or melting events. Even the glass
transition of a highly relaxed glass, leading to a large enthalpy of recovery during heating, can
lead to a violation of this assumption. A more in-depth explanation to the method is provided

in Ref. [145].

In the framework of this work the MDSC measurements are performed with a Q100 DSC from
TA instruments in Al pans. Heating and cooling temperature scans with an underlying rate of
T, =0.016 K s and a sinusoidal temperature modulation using an amplitude of 0.5 K are
performed in the supercooled liquid state of the alloys. Modulation periods between 15 s and
120 s are applied. The resulting heat flow signal is analyzed in terms of the reversing-non-
reversing approach, allowing to determine the period-dependent dynamic glass transition
temperature for the applied modulation period from the inflection point of the reversing heat

flow curve HFey(T).

3.3 X-ray Diffraction
3.3.1 Theoretical Background

The following subsection orients on the book “Underneath the Bragg Peaks” by T. Egami and
S. J. L. Billinge, which is recommended for a more detailed and in-depth review of total

scattering in non-crystalline materials, regarding theory, practical use, and data analysis.

The verification of the amorphous nature of a solid requires knowledge about its structure on
the sub-nanometer length scale. One vital technique that can provide such information is X-ray
diffraction (XRD). Whenever an ordered structural unit, e.g., a crystal is interfering with
radiation that possesses a wavelength in the order of the average distance of these ordered
structural unit, diffraction can occur. In the case of metallic systems possessing small
interatomic distances in the order of A, consequently radiation with a very small wavelength,
as for example X-ray radiation is needed. One basic model to describe diffraction and the

underlying principle of interference, was provided by X. Bragg [147]. Waves that hit an ordered
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body, like a crystal lattice, are reflected/diffracted by different planes of it. This initial process
can be described according to Huygens principle, which describes that all points of a wave front
can be regarded as new sources of secondary waves. In practice this means that between each
plane that is hit by the incident wave another secondary wave is originating. Afterwards, these
new reflected waves can interfere with each other either in a constructive or destructive way,
depending on their path difference, leading to a distinct motive that depends on the wavelength
of the incoming wave, as well as the average distance between the lattice planes. From the
requirement for constructive interference Bragg derived a law, which describes the maxima of
intensity of the diffracted beams as a function of the wavelength of the radiation, the incident
angle and the distance between the ordered particles, the lattice parameter. Hence, once an
ordered system interacts with radiation with known wavelength and angle of incidence,

information on its microscopic structure can be derived.

d= (%) (3.17)

, with d being the distance between the crystallographic planes, n being an integer describing
the order of the scattered intensity, A being the wavelength of the incident wave and 20 being
the scattering angle. This law marks the foundation of crystallography, which utilizes the
translational symmetry of a crystal to fully describe the lattice and atomic positions by a small
set of parameters such as the lattice constants and angles. At this point it shall be stressed, that
a larger distance between the planes of the lattice leads to a smaller scattering angle, due to the
reciprocal correlation. This fact is important to understand, when working with diffraction data,
as the diffracted intensity that is experimentally assessed basically consists of a Fourier

transform of the real space in the sample to the so called reciprocal space.

Even more important in the context of this work is to understand that not only a perfect
crystalline lattice leads to diffraction, but any structural unit that is in the size of the wavelength.
For metallic liquids, possessing structural units in the size of several A this leads to broad
diffraction peaks, originating from the large distribution of structural lengths, compared to the
discrete length scales in a lattice that lead to Bragg peaks. To describe the scattering of real
samples in more than one dimension the basic Bragg equation can be transferred towards a

vectorial formulation by introducing the diffraction vector or wave-vector Q:
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Q = kinitia1 — kfinal (3.18)

, Where Kinitial 1S the wave-vector of the incoming beam and kfnal is the wave-vector of the
diffracted beam. In the case of elastic scattering |kfinal| and |Kinitial| are identical and the the

magnitude of |Q| can be derived by:

Q] = in sin (9) S;n ©) (3.19)

From this equation also the need of high energy X-ray diffraction to gain insights into the
structure of metallic glasses can basically be derived. From basic geometric limitations the

scattering angle cannot be larger than 90°, leading to the detectable maximum wave-vector

Qmax,)d

4

Qmaxa = T (3.20)

, which leads to the need of small wavelength, i.e. large beam energies to cover large Q values.
For laboratory scales, which commonly use Cu k-a radiation with a characteristic wavelength
of 1.54 A, this leads to a Qmax of around 8 A™!. In contrast it was shown that for amorphous
metallic systems a Qmax, of around 14 Al is needed for a sufficiently good Fourier transform
in real space. [148]. The implications of the detectable Q-range on the extractable information

will be discussed in section 2.5.3 and in the following paragraphs.

Whereas Eq.(3.17) is basically providing the spatial information on where the beam is scattered,
one major information that is missing is the scattered intensity I(Q) at a given position or more
general wave-vector. Any transmitted scattering intensity It that is obtained from elastic

scattering is composed of several components:
IT :IC+IIC+IMC+IBG (321)

, where I is the coherently scattered part of the intensity, Iic is the incoherent scattered intensity,
Imc is the multiple-scattering intensity and Igg is the intensity of photons scattered by the
experimental background i.e. sample container, and oven. The incoherent scattering originates

from Compton scattering. The contribution of multiple scattering stems from photons that are
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scattered within the sample more than once, which has a higher probability when travelling
through large sample volumes. The background scattering is of high importance and needs
additionally to be recorded in the setup without a sample to be successfully subtracted. At last,
the coherently scattered intensity is the intensity that is scattered from the structure with a well-
defined phase relationship. With the goal to obtain structural data of a given system, this
coherently scattered intensity is the contribution that is of interest. These scattered waves do
have the well-defined phase relationship, that is needed for the processes of constructive and
destructive interference, which is basically how the structural information is transmitted. This
structural information is mainly contained in the so-called coherent scattering cross-section
doc/dQ, with dQ being the solid angle between the detector and the origin of the
scatterer/sample. The coherent scattering cross-section is proportional to the coherently

scattered intensity:

dac) (3.22)

I =APC (—
¢ dn
, where A is the sample absorption factor, depending on the sample geometry and the atomic
composition, P is the electric polarization factor and C is a normalization factor, that scales the

coherent scattering cross-section to an intensity per atom. The distribution of the coherent

intensity as a function of the scattering vector Q can be described as:

(f(@)*

Ie (Q) = *—— ()P (323)

, with (f(Q)) being the averaged atomic form factor of all N atoms in the sample??, calculated

by

1
(f(@)= N Z cifi (3.24)

where c¢i is the concentration of the i-th element and f; is the atomic form factor, which is a

measure of the scattering intensity of the atoms involved. Further W(Q) is the sample scattering

22 The angle brackets denote a compositional average over all constituents.
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amplitude that contains the information of the distribution of the atoms in the form of the

position of the v-th atom Ry

Y(Q) = z fv exp (iQR,) (3.25)

1
(F@)

, with f being the atomic form factor of the v-th atom.

Through this correlation the information of the atomic configuration is basically transferred
onto the coherent intensity that can be caught by a detector. From the coherently scattered
intensity the so-called total structure factor S(Q) can be derived, which basically describes a

normalized scattering intensity:

1c(Q) — {(f(@)?)
(f(@)

S@=1+ (3.26)

Through this normalization the total structure factor oscillates around a value of one. In the case
of systems that lack long-range order i.e. liquids and glasses this oscillating decay towards unity
is rather quick compared to crystalline systems. Regarding the multicomponent nature of the
systems measured within this work it is important to understand how S(Q) is related to the
different atomic species. If the system is composed out of n components the total structure
factor is composed out of the weighted superposition of the (n+1)/2 partial structure factors

Sii?®, also called Faber-Ziman partial structure functions:

5@ = ) wiySy(Q) (3.27)

i<j
with the weighting factors for each atomic pair wj

L _asfi@f@)
Y (F(Q)?

(3.28)

23 As we are looking at coherent scattering the signal is always based on a pair-correlation so the partial is
originating by an atomic pair of species i and j, e.g. (Pt-Pt or Pt-Cu).
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The partial Faber Ziman structure function S;j(Q) in their reported form, behave similar so the

total structure function, as they also decay towards unity.

From the information contained in the total structure factor on the reciprocal length scale also
information in real space as a function of the distance to the reference atom r can be derived

through a Fourier transformation. Then the reduced pair distribution function can be calculated

by:
2 0
60 == f QIS(Q) — 1] sin(Qr) dQ (3.29)
0

The reduced PDF is connected to the actual spatial distribution of the atomic pair density

function p(r) and the pair distribution function g(r) via :

G(r) = 4mr[p(r) — po] = 4mrpe[g(r) — 1] (3.30)

here po is the average number density. Per definition the reduced PDF describes the probability
to find two atoms in the radial distance r. The fact that the amorphous systems can be assumed
to be isotropic eases the description significantly, as otherwise the description in a generalized
space coordinate such as the radius would not be possible. G(r) is oscillating around a value of
0, which would describe a totally disordered gaseous state. As G(r) is derived from S(Q), whose
connection to partial structure factors in the case of multicomponent systems was discussed in
the previous section, analogous superposition rules are necessarily also valid for G(r) of

multicomponent systems:

G(r) = ZwijGij(r) (3.31)

i<j
3.3.2 Setups used at Synchrotron Radiation Facilities

X-ray diffraction experiments carried out in the context of this work were performed in several
different setups in different beamlines of PETRAIII at the “Deutsches Elektronen Synchrotron”
(DESY) in Hamburg. In all setups a transmission geometry is used, yet different furnaces,
detectors, beam sizes and energies are used, depending on the beamline. An oversigh it listed

in Table 3-1.
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Table 3-1: Experimental setup details about the diffraction experiments carried out at PETRAIII

Energy Beam size Resolution,
Beamline Furnace Detector
(keV) (mm?) pixel size
P02.1 Ceramic 60 0.8x0.8 Perkin Elmer
P02.1 THMS600 60 0.5x0.5 2048 x 2048, XRD1621
P21.1 THMS600 100 0.5x0.5 200 pm Csl bonded
P21.1 TS1500 100 0.5x0.5 detector
2880 x 2880, VAREX
P21.2 THMS600 70 0.5x0.5
150 um XRD4343CT

In the experiments three different furnaces are used. For low temperature measurements from
room temperature (RT) to 873 K the Linkam furnace type THMS600 was used. The THMS600
consists of a heating block out of Ag, that is surrounded by a water-cooled steel housing with
inlets for purging with inert gases (i.e. Ar). The flat samples are glued to the Ag-block by
applying a small amount of Cu-conductive paste. This ensures an optimal thermal contact
between the block and the sample. However due to the direct contact it allows only
measurements in the solid and deeply undercooled liquid state, where significant flow can be

excluded.

For the melting of the samples or measurements above the liquidus temperature, two different
furnaces were used. One setup is a custom-built ceramic furnace supplied by the experimental
environment group of DESY. It uses thin quartz capillaries that are put into a resistive ceramic
heater, allowing temperatures up to 1200 K(compare Figure 3-11). For the other setup a Linkam
furnace of the type TMS1500 was used. This furnace is normally operated in a horizontal way.
For the vertical usage, which is needed for the measurements with synchrotron radiation in
transmission mode a custom-built setup was needed. In this case custom-built quartz capillaries
that were inserted into a tungsten holder with a bore, which was placed in the furnace was used.
Courtesy to this design goes to B. Adam and L. Ruschel. A depiction of the custom setup is
shown in Figure 3-12, showing a rod-like sample being put into the quartz crucible, standing in

the tungsten holder.
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Figure 3-10: Linkam furnace THMS600 with the silver furnace within the chamber and the custom-built
sample holder for the measurements in vertical position of the furnace. The side inlets and outlets are

used for purge gas and a water-cooling of the chamber.

Figure 3-11: Ceramic furnace of the DESY sample environment group. Taken from the setup

information of the Sample Environment Group of DESY [149].
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Figure 3-12: Linkam TMS1500 ceramic furnace in vertical mode . A custom-built setup out of a

capillary and a tungsten sample holder is placed into the actual ceramic chamber.

The specific details of temperature range, applied heating and cooling rate are provided in each

published article.
3.3.3 Data Handling

The intensity distributions 1(Q), collected from the flat panel detectors were azimuthally
integrated utilizing the program PyFAI integrate module and Fit2D using the option of pixel
splitting. For each setup geometric calibrations of the point of normal incidence (PONI) were
carried out with a calibrant (Ni, LaBs or CeO;) being measured at the exact position of the
sample. Further processing of the integrated raw intensity is carried out with the PDFgetX2
software [150].This processing includes an absorption corrected background subtraction,
multiple scattering fluorescence and Compton scattering correction. The program PDFgetX2 is
also used to calculate S(Q) and carry out the Fourier transformation to extract G(r). For the
transformation an upper limit of the used Q-range of at least 14 A™! is used, which is needed to
obtain the amount of detail in the second nearest neighbor distance (r2) of the reduced pair
distribution function (see Figure 3-13). For each curve an optimization algorithm is run that

optimizes the correction parameters based on the minimization of oscillations on the low r side
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of the first peak in G(r), where the probability of an atom being located should be zero. The
applied correction procedure further facilitates the oscillating decay of S(Q) towards unity for

large wave-vectors Q [151].

Further data handling was carried out utilizing OriginPro software to analyze the individual
peaks of S(Q) and G(r) regarding height, position and width. For this the methodology of Wei
et al. [151] is used as the discrete experimental datapoints are interpolated via a cubic-spline
followed by a conventional peak integration procedure of OriginPro that is used to extract, peak

height, peak position and the full-width at half maximum (FWHM).
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Figure 3-13: Influence of the used maximal Q-value during the Fourier transformation on the shape of

the reduced pair distribution function. Taken from Ref. [152].
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3.4 X-ray Photon Correlation Spectroscopy
3.4.1 Theoretical Background

The uniquely high coherence and flux of the radiation creatable at the newest generation
synchrotron radiation also allows for new techniques®*. The coherence of a radiation describes
a well-defined phase relationship over the wavefront, yielding a direct relationship of the
intensity of scattered particles to the distribution of scatterers that are interacting the incoming
radiation in a specific volume. This local information on the illuminated volume of scatterers
then leads to so-called speckle patterns. In comparison, this local information is not available
during an incoherent scattering event, as only average sample properties that stem from the
whole scattering volume are obtainable. In summary the obtainable speckle patterns are
interference patterns that are related to the exact spatial arrangement of the scattering particle
in a disordered system. Based on this idea Sutton et al. developed the new technique of X-ray
photon correlation spectroscopy (XPCS) [153]. This technique basically utilizes the spatial
information contained in the speckle-patterns to track the movement of the scatterers as a
function of time. The idea is directly derived from the established method of dynamic light
scattering (DLS), where analogously a highly coherent light source, a monochromatic laser is
used. The main difference between both techniques is found in the applied wavelengths.
Whereas in DLS the light source is operating in large wavelengths around the visible spectrum,
XPCS is working with the very short wavelength of X-rays (here 8 keV, A = 1.55 A). These
short wavelengths enable the tracking of the atomic motion in disordered systems. The typical
timescales observable in XPCS are around 102 s up to 10* s, with the latter being limited by

reasonable measurement time available at a synchrotron source.

In XPCS the aforementioned speckle patterns are recorded over time by a detector (here EIGER
X4M) that is placed at a certain scattering angle 20 with respect to the sample. Depending on
the resulting wave-vector Q = 4n/A sin(0) different spatial information (d = 2n/Q) is retrieved

from the speckle patterns. For amorphous systems, commonly the wave-vector position of the

24 As synchrotron radiation is based on spontaneous emission, it is actually a chaotic light source. Still, its
coherence can be improved by creating a good match between the illuminated sample volume and the (small)
coherence volume of the beam through a small beam aperture, combined by cutting out a narrow bandwidth of the
radiation through suitable monochromators. Hence, all actions that have to taken to improve coherence go in hand
with severe loss of intensity, which is the reason of the high flux of 3™ generation synchrotron sources being
needed for XPCS.



88 Materials and Methods

first sharp diffraction peak Qrspp is chosen, as it provides the highest scattering intensity and
represents the average interatomic distance. The speckle patterns obtained are then compared
to each other by applying a two-times correlation function (TTCF) that basically compares the
ensemble average of intensity over all detector pixels between two specific points in time t; and

t:

<I(Q,t1)'I(Q,t2) >p
<I( Q'tl) >p.< I( Q'tZ) >p

G(Q ty,t;) = (3.32)

Commonly, the TTCF are reported in a color-coded m x n matrix that reports the correlation
between image m and n, that is often already converted into time instead of number of frames.
In this depiction a full correlation is found on the bisecting line through the origin, that is
decreasing on the orthogonal direction away from that line. Thus, the width of the colored
region around the bisecting line is directly proportional to the observed decorrelation time.
Further this depiction allows to distinguish between stationary and non-stationary dynamics. In
the case of the SCL, the dynamics is stationary, leading to a constant width of the TTF, whereas
in the glass, aging can be observed, which leads to a constant slow-down of dynamics, i.e. a
broadening of the TTF. In the case of rejuvenation, an analogous narrowing of the TTF would

observable.

Based on this TTCF intensity auto correlation functions g2(Q,t) can be calculated by averaging
the TTCF over the whole measured temporal interval. The g»(Q,t) functions are associated to
the intermediate scattering function, f(Q,t), through the Siegert relation g,(Q,t) = 1 +y -
|£(Q,t)]? with y being the experimental contrast. The g2(Q,t) functions were fitted using a
Kohlrausch-Williams-Watts (KWW) function:

(3.33)

t )B(Q'T)

92Q6T) = 1 +¢(Q,T) exp(—Z(T(Q =

where 1(Q,T) is the structural relaxation time, B(Q,T) is the shape parameter and c(Q,T) is the

product of the experimental contrast y.(Q,T) and the square of the non-ergodicity factor fy(Q,T).
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Figure 3-14: Ways to depict and understand data obtained by XPCS :Two-times-correlation function
(TTCF) of a stationary dynamics (a) and a normalized intensity auto-correlation function (g2(Q,t)-1)/c
with a schematical depiction of the motion of several exemplary atoms that lead to the decorrelation
over time (b). For a better comparison and to underline the connection, the individual data points in b)

are colored according to the color-code used in the TTCF of part a). The image is taken from Ref. [154].
3.4.2 Wave-vector-dependence of Dynamics

As aforementioned, the area detector used in XPCS does cover a certain scattering angle, that
translates in a certain amount of different wave-vectors, being covered. Whereas in the past,
metallic glasses and liquids were mainly measured at wave-vectors corresponding to the FSDP
of the respective material, reflecting its average interatomic distance, as well as the highest
scattering intensity, there is additional information to obtain from studying the wave-vector
dependence of the relaxation event. First observations on the wave-vector dependence of the
relaxation dynamics were made by De Gennes in 1959, based on neutron scattering
experiments[155]. He observed a slowdown of the dynamics right around the structural first
sharp diffraction peak in the total scattering function S(Q), combined with a change in the shape
of its distribution. He described a change from a Gaussian distribution towards a Lorentzian
distribution, which lead to the phenomenon being named “De Gennes narrowing”.
Experimental evidence of “De Gennes narrowing” was found in different kinds of liquids with
different structures and seems to be a universal phenomenon of liquid systems, such as silica,
water or hard sphere systems [156—158], but also polymeric systems or ionic glasses

[Ca(NO3)2]04[KNO3]o.s (CKN) [159-162].
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For metallic liquids this event is described in the frequency domain around or above the melting
point, where the melt dynamics is fast enough for the neutron scattering methods [155,163].
Through the large timescale that can be covered by XPCS, together with the moveable large
area detectors, the wave-vector dependence of the dynamics in deeply supercooled liquids can

be investigated.

Especially the wave-vector dependence of the dynamics at wave-vectors smaller than the FSDP,
connected to density fluctuations on length scales larger than the interparticle distance provides
information of the underlying particle motion. At low Q the relaxation time can then by

described by a power law[164]:

(@) = Q™ (3.34)

, where n is the respective exponent of the wave-vector dependence. For a =2 the transport
mechanism of the particles follows the rules of Brownian motion, describing a purely diffusive
nature of movement, typical for high temperature metallic liquids. In the case of a linear Q-
dependence i.e. a =1, the transport mechanism is described by ballistic motion due to
heterogeneous distributions of stress in the liquid that leads to a hopping rather than diffusive
motion [165,166]. In the case of a = 0 the relaxation time would become Q-independent. A
constant value of 1(Q) at Q below the FSDP of S(Q), suggests the existence of a Q-independent
(called Qo) relaxation mode in agreement with the numerical simulations mentioned in
Ref. [167]. It indicates the absence of concentration fluctuations on the probed length scale, i.e.
above length scales larger than those connected to the FSDP. Its origin appears to be connected
to the presence of independent locally fluctuating elastic moduli on the probed length scale and
suggests the presence of a crossover to diffusive-like dynamics for these larger length scales

[168].
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3.5 Thermomechanical Characterization

3.5.1 Thermomechanical Analysis

The original description of the fragility concept by Angell was made based on the observation
of shear viscosity. It assumes the direct connection of the macroscopic property of viscosity to
the microscopic dynamics of the atoms in the liquid state. A conventional way to determine the
viscosity, especially in the highly viscous regime right around the glass transition temperature,
thermomechanical analysis (TMA), in a three-point beam bending setup is commonly used. It
allows for a good accuracy in the range of rather high viscosities from 107 to 10'* Pa s[169]. In
the method, a rectangular beam of the examined material is symmetrically bent under a static
load. From the recording of the deflection of the mid-point u over time, the mid-point deflection

rate u can be computed. It relates to the bending velocity v as just its negative value (-iz = v).

M

t ]

r
r
v

Figure 3-15: Schematic drawing of a three-point beam bending setup. A rectangular beam with the
thickness t, is bent by the load M in the middle of two bearings with distance L, leading to a deflection
u in the highlighted positive direction toward the ground.

The method to extract the viscosity from the bending velocity is based on analogies between
elastic and viscous deformation, first described by Trouton in the early 1900’s [170]. Around
60 years later, this concept was picked up by Hagy et al. to show an inverse proportionality
between the deflection rate of the beam and viscosity [171]. In a three-point beam bending

experiment that applied an external load M, viscosity can then be calculated by:
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(3.35)

- L3 AL
e = - [+ 2

144 Iv 1.6

,where v is the mid-point deflection rate, L the distance between the two rigid supports of the
beam-bending setup, I the cross-sectional moment of inertia of the beam, A the cross-sectional

area of the beam, and p the volume density of the sample.

In this work a NETZSCH TMA 402 F3 thermomechanical analyzer is used with a static loading
force of 10 N. The beams were cut with a diamond saw from X-ray-amorphous plates with the
dimensions of 1.5 x 13 x40 mm. To optimize the signal-to-noise ratio the thickness of the

beams was varied from 0.4 to 1.5 mm.
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Figure 3-16: Isothermal viscosity measurement of Pds sCuz7NigsP2; at 548 K obtained in three-point
beam bending. The raw data is fitted by the Kohlrausch-Williams-Watts stretched exponential function

to obtain the equilibrium viscosity M.
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The determination of viscosity was performed in continuous heating at heating rates of
0.33 K s7! until the deflection limit of the machine was reached or the crystallization of the
samples occurred. Furthermore a set of low-temperature viscosities was obtained in isothermal
mode covering a temperature range of 533 K to 573 K, where the same heating rate of0.33 K s!
was used to reach the isothermal plateau. The isothermal data is fitted by a Kohlrausch-

Williams-Watts stretched exponential function to obtain the equilibrium viscosity:

B
n(t) =ng + Aeq—g <1 — exp <— (;) )) (3.36)

,where 1, is the initial viscosity of the glassy state, Aneq-¢ the difference between the equilibrium
viscosity and the viscosity of the glass, t the relaxation time and B the stretch exponent. The
fitting procedure together with the raw data during an isothermal relaxation experiment is
exemplary shown in Figure 3-16. The resulting curves can be found in the Supplementary

information of Publication II [172].
3.6 Micromechanical Characterization

For the mechanical characterization of the Pt-Pd-Cu-Ni-P metallic glasses micromechanical
techniques such as nanoindentation and micropillar compression tests were chosen. The choice
of micromechanical testing originates from the effort to reduce sample volume and therefore
cost of the noble-metal containing alloys, while ensuring the amount of tests needed to have
adequate statistics. In the following the basic concepts of both methods shall be provided

together with insights into the strain-rate sensitivity of metallic glasses.
3.6.1 Nanoindentation

Nanoindentation is a micromechanical technique used to determine the hardness of a material,
by measuring the size of an indentation with a defined indenter geometry and force. The small
penetration depth in this technique allows the probing of small sample geometries and a high
number of repetitions. For metallic glasses, with their limitations in geometry due to the critical
thickness and the large monetary and timely efforts needed for noble metal systems in particular
this small sample volume and good statistics is highly advantageous efforts. In classical
indentation techniques such as conventional hardness testing, the contact area and penetration

depth are calculated from an optical measurement of the indentation size. This is not possible
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in nanoindentation due to the small size of the indent. Instead, the indentation depth of the
indenter is tracked, and the contact area is calculated from an area function, which is defined
by the geometry of the indenter tip. The indenter tip is conventionally a three-sided Berkovich
pyramid made out of diamond, which has a nominal geometric self-similarity [173]. However,
knowledge of the exact shape of the tip and a characterization of it is paramount for this type

of technique [174]. The mechanical hardness H of the material can then be characterized by:

P
Hpoon = % (3.37)

With Pmax being the maximum applied load and A being the contact area between indenter and

the material.

During the experiment a load-displacement curve is recorded following a defined loading and
unloading ramp. A typical load-displacement curve recorded for amorphous Pts> sCuz7Nig 5P21
is shown in Figure 3-17, showing a loading cycle with 100 mN that leads to elastic and plastic
deformation, followed by an elastic unloading. During the loading cycle plastic deformation is
occurring and discontinuities can be detected in the curve, labeled by the term serrations. These
discontinuities are characteristic marks during a nanoindentation experiment and stem from
energy-releasing events during the deformation process. While they are observed in different
classes of materials, the physical reason behind it varies with the bonding character and
underlying structure of the material. Whereas for crystalline materials the discontinuity is is
connected to the activation and creation of dislocations [175], it is connected to shear
localization and the activation of individual shear bands in amorphous metals [176]. The small
volume probed allows a detailed study of the actual initiation event of the deformation. In
particular the study of the temperature and strain rate dependence (compare section 2.6.2) of
these serration events and the response of the material allows insights into its deformation

behavior [177].
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Figure 3-17: Load-displacement curve (P-h-curve) for a Pt4; sCuz7Nig sP2; metallic glass sample at room

temperature , showing a loading and unloading cycle. During the loading cycle small discontinuities can

be detected in the measurement signal, stemming from energy-releasing events, here called serrations,

that are happening under the indenter tip.

In the context of the nanoindentation study of Publication III a Hysitron nano-indenter was

utilized. The instrument allows indentation in load as well as displacement-controlled

measurement protocols. The measurements were carried out at the University of North Texas,

Denton.
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4. Summary of Publications

4.1

General Overview

Summary of Publications

This subchapter provides a brief overview on the different publications that are summarized in

this work, together with its main questions and the methodology used to provide an answer.

Table 4-1: Overview of general questions of the studies reported in the publications of the thesis,

combined with the methodologies applied to solve the apparent scientific questions

Publication #

glass transition.

] | Central questions Methodology used
ourna

e How does the Pt/Pd ratio
influence the characteristic
temperatures (Tg, Tx, Tm, T1),
heat capacities (Cpr Cox) e Differential Scanning
enthalpy (AHix) entropy Calorimetry (DSC) in the
(ASi1x) and Gibbs free energy glassy, crystalline, and

I (AG1x)? undercooled and

e Can the embrittlement at equilibrium liquid state

high Pd  content be e High-energy synchrotron
. X-ray diffraction (HE-
Acta Materialia explained? ‘

e s there a correlation of the XRD) in the glassy and
changes in heat capacity to supercooled liquid (SCL)
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4.2 Publication I: “On the thermodynamics and its connection
to structure in the Pt-Pd-Cu-Ni-P bulk metallic glass

forming system”
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Figure 4-1: Graphical abstract of publication I “On the thermodynamics and its connection to structure
in the Pt-Pd-Cu-Ni-P bulk metallic glass forming system” providing an overview of the main results

regarding the connection of thermodynamics and structure.

In this work the thermodynamic properties of the glassy, liquid and crystalline states of the
PtPdCuNiP series as a function of Pt/Pd ratio are examined. In more detail, the thermodynamic
behavior i.e. the changes in heat capacity are empirically connected to structural features of the
liquid state. The heat capacities of the glassy, liquid and crystalline phases as well as melting
and crystallization enthalpies are assessed by differential scanning calorimetry and the
thermodynamic functions of specific isobaric heat capacity, excess enthalpy and excess Gibbs

free energy are calculated on the basis of these measurements.

The manuscript is split into a general assessment of the thermophysical properties i.e. glass
transition, crystallization, melting and liquidus temperatures, together with the determination
of melting and crystallization temperatures. The first central finding of the paper is that the
glass transition temperature and thermal stability of the liquid state upon cooling increase

almost linearly with rising Pd content of the alloys.
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Thermodynamic properties for twelve alloys with different amounts of Pt/Pd are quantified
utilizing calorimetry. Their structure is measured with high energy synchrotron X-ray
diffraction. For all twelve alloys the thermophysical properties of the glassy and liquid state, as
well as the crystallization and melting behavior are studied. Based on this, the difference in
enthalpy and Gibbs free energy between liquid and crystalline mixture is determined. This
allows a description of the thermodynamic fragility, the residual enthalpy of the glassy state as

well as a lower estimate of the driving force for crystallization for each composition.

For the first time it is systematically shown that the driving force for crystallization is
incrementally lowering in the (Pt/Pd)42.5Cu27NiosP21 with rising Pd content, validating the
extremely high thermodynamic stability of Pd-Cu-Ni-P based liquids against crystallization.
Secondly, based on the dropping residual enthalpy in the glass with rising Pd content and its
inherent connection to the free volume, our study provides a thermodynamic criterion of the
often-described loss in mechanical ductility with increasing Pd content. Additionally, while
kinetic fragility is reported to remain similar, the system is showing an unexpected
thermodynamically stronger behavior towards the Pd-rich liquids. To shed further light on the
liquid properties, structural data obtained by high-energy synchrotron diffraction experiments
is used to compare the structural changes with temperature in the liquids. The width of the first
sharp diffraction peak of the total structure factors is used to quantify the temperature induced
changes on the length scale of cluster connections (medium range order). It is found to
qualitatively mimic the trend of the thermodynamic fragility. Analogous to the small changes
in excess entropy (thermodynamically strong), the Pd rich liquids also show smaller structural
changes with respect to temperature, drawing the picture of a thermodynamically and

structurally strong liquid.

In conclusion this work shows a connection of thermodynamic properties to structural features
within this model system. Ultimately, the study provides a uniquely large description of
thermodynamic and structural properties of the Pt/Pd-Cu-Ni-P system, while also motivating
for future dynamic/kinetic studies to further understand the role of fragility in this perfect model
system for metallic glasses. The current findings provide another milestone on the road to
identify and understand the different roles of two topologically similar elements (Pt and Pd) in
a metallic glass forming (Pt/Pd-Cu-Ni-P) alloy system and how the change of the structural
motifs on the medium range order can influence thermodynamic properties such as entropy,

enthalpy and heat capacity.
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4.3 Publication II: “Disentangling structural and kinetic

components of the a-relaxation in supercooled metallic

liquids”
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Figure 4-2: Graphical abstract of publication II “Disentangling structural and kinetic components of the
a-relaxation in supercooled metallic liquids” providing an overview of the main results regarding the

connection of dynamics and structure.

In this work goal the microscopic dynamics in the deeply supercooled liquid state of
Pt425Cu27Nig sP21 in contrast to Pds2sCux7NigsP21 are characterized with X-ray photon
correlation spectroscopy. The initial aim was to investigate whether the similar fragility of both
alloys obtained from viscosity and calorimetric measurements can be verified microscopically
by XPCS. However, the detailed observations of the relaxation process in XPCS showed
significant differences in both alloys with respect to the underlying distribution of relaxation
times at similar temperatures with respect to Tg, as well as its wave-vector dependence. Both
information are not at all or to that extent obtainable by conventional experiments that are used

to probe the dynamics of a liquid (e.g. dynamical mechanical characterization (DMA).

Moreover, the underlying spectrum of relaxation times, can be derived out of the shape

(parameter) of the relaxation time (compare section 2.3). In the case of Pd425Cu27NigsP21 a
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constantly wide distribution of relaxation times of the deeply supercooled liquid is observed
when approaching the glass transition, similarly to a Zr-based system reported in literature
[178]. In contrast, an initially sharper distribution that is broadening at lower temperatures is
observed in a similar cooling protocol of Pts> sCu27Nig sP21. These changes in the heterogeneity
of the dynamics i.e. the relaxation spectra are not reflected in the framework of the fragility
concept. The kinetic fragility is commonly a successful concept to interpret the dynamics of
liquids glass-formers [51]. Developed by A. C. Angell, this quantity describes the slowing down
of the structural a-relaxation accompanying the vitrification and correlates with many glass
properties [62,179,180]. With the degree of experimentally obtainable detail on the collective
atomic motion and structure in supercooled metallic liquids, we show that the kinetic fragility
alone is not able to fully describe the evolution of the a-relaxation process. Interestingly, the
observed changes in the relaxation spectra fit well the thermally induced structural changes
observed in in-situ X-ray diffraction during heating and cooling. Here, the Pt-liquid with its
changing relaxation spectrum also undergoes much more significant structural changes, visible
in the changes of shape and position of the first sharp diffraction peak, but also in the changes
of the reduced pair distribution function on the length scale of medium range order.
Interestingly, the latter was reported to correlate well with the fragility of the systems [96], and
can therefore be interpreted as a “structural fragility”. However, its general validity, even in
metallic systems, is still up to debate and quite challenging especially in the Pt-Pd-P system
(see Discussion section 6.3 “Structural fingerprints of Fragility”). Still the changes on the MRO
length scale do mirror the changing shape of the intermediate scattering function i.e. the
relaxation spectra, showing the connection between changing dynamics and the underlying

structure of the liquid.

The structure-dynamics relationship in these model alloys was further established through an
examination of the wave-vector dependence of the dynamics. It is found that the relaxation time
and the heterogeneity parameter mimic the structure of the alloys. This means that the dynamics
is directly related to both the topological order and the chemical short-range order of the liquid.
In the Pt-liquid the structural pre-peak at low wave-vectors even leads to a slowing down of the
structural a-relaxation process at the medium range order length scale beyond that of the first
sharp diffraction peak. It marks the first time that a second peak in the relaxation time was

experimentally observed in deeply undercooled metallic liquids.

It is believed that these results challenge some widely accepted concepts related to the

underlying mechanisms that control the rheological behavior of supercooled liquids. Due to
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their simple structure, metallic glass-formers are often considered as model systems to study
the glass transition. These results may also serve as a guide for future numerical and

experimental investigations and will be of interest for a large community of scientists.
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4.4 Publication III: “Effect of composition and thermal history

on Deformation Behavior and cluster connections 1n

model Bulk Metallic Glasses”

Ductility and Structure in Pt/Pd-Cu-Ni-P Metallic Glasses
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Figure 4-3: Graphical abstract of publication III “Effect of composition and thermal history on
Deformation Behavior and cluster connections in model Bulk Metallic Glasses” providing an overview

of the main results regarding the connection of micromechanical behavior and structure.

In this work the mechanical behavior of the series of Pt-Pd-Cu-Ni-P metallic glasses with
different Pt/Pd content in the as-cast state and after severe relaxation through sub-T annealing
(Tg-50 K for 24 h) are characterized. Based on less systematic studies on Pt-Pd-P based alloys
[33] and the thermodynamic results of publication I [21], the working hypothesis/expectation
is to observe an embrittlement with larger Pd content. To analyze the mechanical behavior,
nanoindentation at different strain rates is used to characterize the number and length of
serrations, micro hardness, elastic modulus and strain rate sensitivity (SRS), combined with
micropillar compression experiments to characterize ductility. Furthermore, the structure of the
glassy samples is tracked by high energy synchrotron X-ray diffraction (HE-XRD), to monitor
the changes in the connecting schemes by analyzing the 2" peak in the reduced pair distribution

function G(r), according to simulations of Ding et al. [88].
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In the nanoindentation study a growing number of serrations that also become larger with Pd
content is observed. For the annealed samples only minor effects in the average serration length
are observed, but their frequency was slightly decreased. The probing of different strain rates
reveal a decreasing SRS with rising Pd content. For the annealed samples also a drop in SRS is
observed compared to the as-cast samples, while the absolute changes are the highest for Pt-
rich glasses. This severe changes in SRS can be seen as a fingerprint of the emerging
embrittlement through the Pd substitution or annealing. A larger SRS is often attributed to the
delay in shear band activation with increased strain rate, therefore easing multiple shear band
formation, which is needed for macroscopic plastic flow [181]. Based on the cooperative shear
model (CSM) of Johnson and Samwer also the volume of the shear transformation zone (STZ)
is calculated for all compositions [120,123]. The STZ volume of the as-cast BMGs varies from
~ 2.5 to ~ 18 nm?, increasing with Pd concentration. The smaller STZ volume for Pt sPdo
enables the activation of greater numbers of flow units, leading to the nucleation of more shear
bands and promoting more ductile behavior in contrast to PtoPdss with its large STZ
volume [182,183]. Similarly, an increase of STZ volume is seen for the annealed alloys. The
addition of Pd and thermal annealing showed similar effects in terms of increasing STZ volume,
with the effect of annealing being more significant on the Pt-rich side of the composition spread.
The suggested embrittlement is further reassured by the micropillar compression tests. Here
also a more brittle behavior can be seen with growing Pd content, as in PtoPd42.5 only a single
major shear band is activated leading to a brittle fracture. In contrast, Pts2sPdo shows multiple
shear band that interact with each other, leading to a more homogeneous ductile deformation.
These qualitative observations are in line with a growing average stress drop and elastic energy
release with rising Pd content, being derived from the stress-strain curves. The magnitude of
these stress drops is an implicit measure of the propensity of the system towards stable or
unstable propagation of a shear band, with smaller stress drops facilitating a more stable
deformation process [ 184]. Similarly, the larger release of elastic energy for the Pd-rich glasses
indicates a more localized deformation that facilitates catastrophic shear banding. Additionally,
a steady rise of hardness and yield strength is observed in nanoindentation and micropillar

compression, scaling well with the increase in the glass transition temperature [185].

With the mechanical data supporting the hypothesis of the embrittlement towards large Pd
contents and the availability of quantitative data, now the last step was to create a connection
to the structure. For all samples that are used for the mechanical tests, high energy synchrotron

X-ray diffraction patterns are produced. Based on a further analysis and the prior results of
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Publication V [152], a change in the representative clusters and their interconnection was
suggested in the Pt/Pd-Cu-Ni-P system. Specifically, three atom connections between clusters,
being most rigid [88], were found to increase with Pd content. This unique combination of
structural and mechanical data allows to establish a quantitative correlation between the
intensity of the reduced PDF on the length scale of 3-atom connections and reduction in strain
rate sensitivity (SRS) as a measure of ductility. The reduced pair distribution function (PDF) in
the as-cast and relaxed states is used to quantify the changes in atomic connections. For the
changing compositions a good correlation of the intensity of the PDF at the length scale of the
3-atom connections with the measured SRS is found, supporting the suggested connection of a
brittle behavior (small SRS) and a larger occurrence of 3-atom connections from simulations.
Regarding the annealing, compared to the compositional changes, only small effects on the
structure are visible. Nevertheless, the small changes are the most significant on the length scale
of 3-atom connections. While the mechanical and structural changes due to the annealing do
not match on an absolute scale, a match is found, when comparing to the relative changes in the
structure. This result could be related to the multi component nature of the examined systems,
which leads to a superposition of all pair-correlations (an n-component system leads to n(n+1)/2
pair correlations). All partials are weighted by their atomic form factor (compare chapter 3.3),
which leads only minor contributions of especially metal-phosphorous pair correlations.
Therefore, the changes due to annealing might be only partially represented in the X-ray
diffraction experiment and should stimulate further in-depth studies including neutron

scattering or in-situ TEM investigations.

In conclusion, a possible structural origin of embrittlement is suggested in a systematic series
of interrelated alloys, where Pt is systematically replaced by topologically equivalent Pd atom:s.
The current findings provide fundamental insights into the role of compositional changes and
thermal history in metallic glass forming alloy systems and how both can be used to manipulate

the structural motifs and tailor their mechanical properties.
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4.5 Publication IV: “Signatures of structural differences in Pt—

P- and Pd-P-based bulk glass-forming liquids”

Signatures of structural differences in Pt-P- and Pd-P-based bulk glass-
forming liquids and their relation to the thermodynamic and mechanical
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Figure 4-4: Graphical abstract of publication IV “Signatures of structural differences in Pt—P- and Pd—
P-based bulk glass-forming liquids” providing an overview of the main results regarding the

compositional dependence of the structure of Pt/Pd-Cu-Ni-P glass forming liquids.

In this initial work synchrotron X-ray scattering experiments are conducted to investigate the
structure of Pt-P- and Pd-P-based liquids. All twelve alloys with different Pt/Pd ratios of the
Pt/Pds>5.xCu27NigsP21  alloy series are investigated at room-temperature and the
Pt45Cu27Ni9 sP21 and Pds3Cuz7NiioP2o alloy are probed in a temperature range from room

temperature up to a temperature of around 300 K above the liquidus.

From taking a closer look at the total structure factors S(Q) of the latter alloys already
significant differences are revealed. On the one hand the total structure factor of
Pt42.5Cu27Nig sP21 at room temperature displays a pre-peak on the low Q flank of the first sharp
diffraction peak, suggesting the existence of a pronounced MRO. Whereas on the other hand
the structure factor of Pd43Cu27NiioP20 does not possess such a signature at this position, but
instead a shoulder on the high Q flank of the second peak is detected, signifying icosahedral

SRO. These structural signatures are indicative form the occurrence of different ratios and
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distributions of representative structural units in both compositional families. Whereas the
short-range ordered icosahedra dominate in Pd-P-based liquids, the Pt-P-based liquids may
comprise out of a larger fraction of trigonal prisms. The structural information that is obtained
by the compositions of Pt/Pd4>s5xCu27NiosP21, where Pt is gradually replaced by Pd does
support this idea. At rising Pd contents, the pre-peak is gradually fading while the signature of

the shoulder at the second diffraction peak is getting more intense.

From the additional high temperature measurements in the equilibrium liquid state further
insight into the nature and origin of both structural features are derived. It is observed, that at
elevated temperatures the pre-peak is disappearing, and the shoulder is getting less pronounced
in the equilibrium liquid. In general, the smearing out of the diffraction signal at elevated
temperatures is physically induced by the increased thermal atomic vibrations, the observed
effects could be traced back to a kind of a (partial) breakup of the order on both the SRO and
MRO length scale. Based on the rapid rise of the specific heat capacity and the large entropy of
fusion and the loss of the pre-peak we conject the Pt-rich liquid to be rather disordered at high
temperatures, undergoing significant ordering processes even on the MRO length scale during
(under-) cooling. In contrast the Pd-rich liquid with its shallowly rising specific heat capacity
upon cooling and the persistence of the shoulder at the second peak in the stable equilibrium

suggest that it already contains a certain degree of SRO.

The diffraction data is also used to construct the reduced pair distribution function of all
compositions, revealing the most significant differences in the splitting of its second peak. The
splitting of the second peak, that in a first approximation corresponds to the average second
nearest neighbor distances, reflects the different kind of cluster connections that occur in the
system. For the Pt-P based liquids this second peak is rather broad, representing a wide
distribution and variety of connecting schemes. From geometric considerations in Pt-P the
2-and 4-atom connections seem to be dominant, compared to the 3-atom connection, typical for
icosahedral structural motifs, becoming more and more dominant upon replacing Pt by Pd. In
simulations the 3-atom connection itself was shown to be rather stiff and tends to react brittle,
compared to the more flexible 2- and 4-atom connections. This supports the findings of the
different sensitivities towards annealing and cooling rate induced embrittlement between both
alloys. On the one hand the ordered Pd-P liquids with predominant icosahedral short-range
order that leads to features the more brittle 3-atom connections and undergoes less ordering
during cooling, in comparison to the Pt-P liquids with a large variation of more flexible

connecting schemes that establish during cooling, ultimately providing a more ductile glass.
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Overall, these findings and considerations facilitated and motivated the other studies that led to
the publications I-III of this work and provide an experimental basis for the structure-property

relations within this class of amorphous metals.
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4.6 Publication V: “Wave-Vector Dependence of the

Dynamics in Supercooled Metallic Liquids”

Wave vector dependence of the dynamics in supercooled metallic
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Figure 4-5: Graphical abstract of publication V “Wave-Vector Dependence of the Dynamics in
Supercooled Metallic Liquids” providing an overview of the main results regarding the general

dependence of the static structure of deeply undercooled metallic melts and their microscopic dynamics.

In this work we studied the wave-vector Q dependence of the dynamics in the deeply
undercooled liquid. The effect itself, known as “De Gennes narrowing” and was originally
proposed for simple liquids. To experimentally prove its existence also for deeply supercooled
metallic liquids the method of X-ray photon correlation spectroscopy (XPCS) is utilized to
probe two different metallic glass (Aug9Cur6.9Sii63AgssPdrs  and

forming liquids

Pd4> 5Cu27Ni9 5P21) closely above the glass transition temperature.

From modelling of the decay of the intermediate scattering function the shape parameter 3 of
the relaxation process and its relaxation t time are obtained. In comparison to the static structure
factor S(Q) it is found that the maximum in both parameters, B and T are matching with the first
sharp diffraction peak (FSDP) of S(Q). This slow-down around the average interparticle
distance, represented by the FSDP, is connected to the “De Gennes narrowing”. The strong
decrease of the shape parameter instead suggests the existence of larger dynamical

heterogeneities possibly related to medium-range-order domains fluctuations. Especially the
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explicit wave-vector dependence of the dynamics in the low Q-range is substantial as it is
connected to the mechanism of particle movement. While the probed Q-range does not allow
to give exclusive evidence, our results suggest the existence of a rather ballistic-like mechanism
of particle motion, which appears to be related to differences in the rigidity of the amorphous
structure in the highly viscous liquid state close to the glass transition. The study provides a
cornerstone for future studies on the evolution of the dynamics around and across the glass
transition in a larger temperature range but also in a broader Q-range that will facilitate the

understanding of the glass transition process and the phenomena.
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5. Publications

In the following pages the five publications relevant for this cumulative work are reprinted.
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Contrary to basic hard sphere structure models, recent studies revealed, significant structural differences
between Pt-Cu-Ni-P and Pd-Cu-Ni-P metallic glass-forming liquids with the same stoichiometry. To cover
the compositional space between both systems, platinum is subsequently replaced by palladium in the
composition (Pt/Pd)s; 5CuzzNigsP,;. For this systematic set of alloys, the thermodynamic properties, such
as isobaric heat capacity, enthalpy and Gibbs free energy are assessed. A systematic drop of the Gibbs
free energy difference between crystal and liquid, providing a lower estimate of the driving force for
crystallization was observed, underlining the high glass-forming ability of the Pd-rich systems. Contrary
to kinetic fragility data, a change of the thermodynamic fragility can be observed, drawing the picture
of an increasing thermodynamically strong behavior with rising Pd-content. Further, the temperature in-
duced changes of the total structure factors S(Q) were monitored using high-energy synchrotron X-ray
diffraction. Focus was laid on the changes on the medium-range length scale, by analyzing changes of
the first sharp diffraction peak. Here a good correlation of the changes in peak-width and the thermo-
dynamic fragility was found. From the determination of the excess enthalpy, large amounts of residual
enthalpy in the glassy state were observed for the Pt-rich alloys, supporting the increased ductility of
these alloys. The current findings further carve out the different roles of the topologically similar Pt and
Pd in the Pt/Pd-Cu-Ni-P alloy system and how the change of the structural motifs on the medium range
order is influencing thermal properties such as enthalpy and heat capacity.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

than 2 % are considered as topologically equivalent [6]. Accord-
ing to this definition, Pd-Cu-Ni-P and Pt-Cu-Ni-P are topologi-

The ability of a metallic melt to evade crystallization and even-
tually forming a glass when being cooled below its melting point
has its origin in thermodynamic, kinetic and structural features of
the system [1-4]. This implies a low driving force towards crys-
tallization, sluggish kinetics and a high interfacial energy between
the liquid and crystalline phase.

The structural evolution with decreasing temperature involves
the formation and expansion of short- (SRO) and eventually
medium-range order (MRO). However, the exact nature of these or-
dering processes is not fully understood. Simple hard sphere struc-
tural models of bulk glass-forming liquids are based on the ef-
ficient packing of representative structural units (clusters) [5]. In
these models, elements with atomic radii that differ by no more

* Corresponding author.
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cally identical systems and the alloy compositions with the highest
glass-forming ability (GFA) are found in the same compositional
range [7], making them ideal “case-study” systems. However, the
discrepancy in GFA (factor of four in critical thickness, 80 mm for
Pdy4y 5CusgNizsPyg [8], 20 mm for Pty 5Cuy;NigsPy [9]) can nei-
ther be explained by the structural models nor by the very similar
temperature dependence of the viscosity in the supercooled liquid
(kinetic fragility) [10,11].

The decisive reasons, explaining the large difference in GFA, are
found in the thermodynamic properties of the liquid, namely the
interfacial energy between the liquid and the crystalline state as
well as the driving force for crystallization [12], commonly approx-
imated by the Gibbs free energy difference between the liquid and
the crystal. The Pd-P-based liquids feature a small difference in
Gibbs free energy between liquid and crystalline phase, resulting
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in an extremely low driving force for crystallization. In the Pt-P-
based liquids a relatively large driving force for crystallization, nor-
mally leading to small GFA, is observed. For Pt-P based liquids this
is partially compensated by a high interfacial energy |, between
the liquid and crystalline phase, which increases the critical radius
for nucleation r* (r* « y,>) and hampers the formation of critical
nuclei, which leads to the high GFA in the Pt-based system [12].

The significant variation of the driving force for crystallization
in both glass-forming liquids is reflected in the pronounced in-
crease in the entropy of fusion (factor of two) if Pd is replaced by
Pt. Although not entirely independent from the crystalline state,
the striking change in the entropy of fusion suggests that, con-
trary to the predictions of structural models, pronounced structural
differences between both liquid families must exist [11]. This is
corroborated by structural investigations, indicating that the local
representative structural units and their connection scheme varies,
when Pd and Pt replace each other [13]. These structural differ-
ences, leading to different connecting schemes between the clus-
ters, could also be responsible for the pronounced differences in
sensitivity to cooling rate dependent and annealing induced em-
brittlement of Pt-P-based and Pd-P-based liquids reported by Ku-
mar et al. [14,15], i.e. they might affect the topology of shear trans-
formation zones and the formation of shear bands.

To systematically investigate the effect of the Pd/Pt concentra-
tion on thermo-physical properties, twelve alloy compositions with
different Pt/Pd ratios (Pts;syPdxCuy;NigsPyy, x=0-42.5 at %) are
examined in an intensive calorimetry-based study. The glass tran-
sition, crystallization and liquidus temperatures; the enthalpies of
crystallization and melting, as well as the isobaric specific heat ca-
pacity of glassy, crystalline and liquid state are determined and
used to calculate the thermodynamic functions of excess enthalpy,
entropy and Gibbs free energy between liquid and crystalline state
as a function of Pt and Pd content. Furthermore, non-isothermal
high energy X-ray diffraction (HEXRD) structural data are used to
connect the thermodynamic behavior to structural changes in the
deeply supercooled state. The experiments yield a comprehensive
data set of the thermodynamic and structural properties as a func-
tion of the Pt/Pd concentration.

2. Experimental
2.1. Sample synthesis

For sample preparation, master alloys of Pty sCuy7NigsPy; and
Pd4;5Cuy7NigsPoq are produced by melting the high-purity raw
elements (purity > 99.95%) under high-purity argon (Ar 6.0) at-
mosphere in a fused silica tube. Subsequently, the pre-alloys are
heat-treated in dehydrated B,0; for at least 16 hours at 1200°C
in a fused silica tube to remove impurities [16]. Afterwards, the
master-alloys are mixed in the ratio of the desired composi-
tions; Pty s.«PdxCuyyNigsPy; where x is x=0, 2.5, 7.5, 12.5, 17.5,
20, 22.5, 30, 40, 42.5 at%. In the following the specific alloys
will be termed by their Pt and Pd content, e.g., Pt22.5Pd20 for
Pty25Pd;oCuyyNig sP21. The solid mixture is then re-melted in an
arc-melter under a high-purity argon atmosphere, to ensure a ho-
mogeneous sample. For both, the master-alloys and their deriva-
tives, parts of the ingots are extracted for energy-dispersive X-ray
analysis (EDX) measurements, to additionally monitor their com-
position and exclude experimental errors in compositional range.

The alloys are then inductively re-melted under a Ti-gettered
high-purity argon atmosphere and subsequentially cast into water-
cooled copper molds in a suction casting device to produce glassy
plates with 0.5 mm thickness. The glassy state of the produced
samples is initially confirmed by X-ray diffraction (XRD) with a
PANalytical X‘'Pert Pro and later by synchrotron radiation based
HEXRD at the P02.1 beamline with 60 keV at the Deutsche Elektro-
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nensynchrotron (DESY) (for a more detailed experimental descrip-
tion see section 2.3).

2.2. Thermal analysis

Thermal analysis is carried out using a power-compensated
Perkin Elmer Hyper-DSC 8500 with a three-stage intra-cooler un-
der constant flow of 20 ml min™' high purity Ar (Ar 6.0). For low
temperature measurements up to a maximum temperature of 723
K, Al-pans are used. For examinations in higher temperature re-
gions up to a maximum temperature of 973 K, including melting
of the samples, graphite crucibles are utilized. For low temperature
measurements, each sample is remeasured after crystallization, en-
abling to use the signal of the crystal as a baseline. Each melting
curve is measured at least 5 times to account for experimental un-
certainty.

For measurements of the isobaric specific heat capacity, a step-
method using a sapphire standard as reference was applied, de-
scribed in detail in Refs. [17,18]. In this method a heating rate of
0.33 Ks~! with temperature steps of AT=10 K and equilibration
times of At=120 s are chosen resulting in an effective heating rate
of ~ 0.07 Ks~1.

According to this protocol, the heat capacity of the glass and su-
percooled liquid (SCL) is determined in the first measurement run.
Subsequently, the sample is heated to 750 K to ensure a full crys-
tallization of the amorphous fraction. This allows a second mea-
surement run to determine the heat capacity of the crystalline
mixture, To increase the number of data points, especially in the
metastable region of the SCL, identical measurements on a new
sample are carried out with a temperature program shifted by 5 K.
For assessments of the heat capacity in the liquid state, the exact
same samples are moved into graphite crucibles. Here the anal-
ogous protocol is carried out in cooling, starting well above the
liquidus temperatures of the respective alloys at 973 K, until crys-
tallization is interfering.

The isobaric specific heat capacities of the respective states are
then modeled by

ch(T) = 3R +aTl + bT 2, (1)
and
Cy(T) = 3R+ cT +dT?, (2)

with R = 8.314 | mol~! K-! being the universal gas constant, a
and b being fitting parameters of the liquid (1), and ¢ and d being
fitting parameters for the crystal (x) [19].

2.3. High-energy synchrotron X-ray diffraction

High energy in-situ X-ray scattering experiments are carried out
at the high resolution beamline P02.1 at PETRA III at the Deutsches
Elektronen Synchrotron (DESY) in Hamburg [20]. For the measure-
ments in transition geometry X-ray radiation with a wavelength of
0.207 A, corresponding to an energy of 60 keV, and a beam size of
0.8 x 0.8 mm? is used.

For the heating and cooling of the samples at a constant rate
of 0.33 Ks=! a ceramic heater is utilized. The samples are cut
from amorphous plate-shaped samples to a dimension of 1x10x13
mm?, They are placed in SiO; capillaries with a 1 mm diameter
and a wall thickness of 0.01 mm. The sample is protected from ox-
idation by a constant flow of high purity Ar (Ar 5.0). Si-powder
is used for a continuous temperature calibration of the furnace.
A Perkin Elmer XRD1621 CsI bonded amorphous silicon detector
(2048 pixels x 2048 pixels) records the diffraction pattern with an
exposure time of 10 s, resulting in a temperature resolution of 3.3
K in the scans. The two-dimensional X-ray diffraction patterns are
dark-subtracted and then integrated with the Fit2D data analysis
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software [21]. Background subtraction of the SiO, capillaries and
further processing is done with the PDFgetX2 software [22]. For
determination of the background pattern, room-temperature mea-
surements are used, assuming it to be constant upon temperature
changes. The data are corrected for sample absorption, polariza-
tion, and multiple scattering. The total structure factor S(Q) is cal-
culated as [23]

(@ — {f(@*)
(f@)*

where [¢(Q) is the coherently scattered intensity, f{Q) is the atomic
form factor, and Q is the scattering vector. The angle brackets sig-
nify a compositional average over all constituents. It shall be noted
that the total structure factor contains all the structural informa-
tion and is composed of n(n+1)/2 partial structure factors [24],

S(Q) =) wyS;(Q), (4)

i<j

5@ =1+ (3)

where wj; is the weighting factor expressed as

_ aGHQfQ)

oy
where ¢; and ¢; are the molar concentration of element i and j.
However, it must be pointed out that the main contribution to the
scattering signal is provided by the elements with large scattering
lengths e.g., Pt and Pd.

The S(Q) data is evaluated using OriginLab2020b. For the peak
analysis the peak was interpolated using cubic splines, leading to
an estimated uncertainty of 0.5 % based on Ref. [25]. The samples
are heated with 0.33 Ks~! to Tgenq+10 K well into the SCL region
and then cooled by the same rate to room-temperature. The heat-
treatment is used to create a well-defined enthalpic reference state
and to exclude significant structural relaxation during the actual
measurement. Afterward this heat treatment the actual measure-
ment is performed in a second heating run with 0.33 Ks~', cover-
ing the glass transition and full SCL region until the sample crys-
tallized.

(5)

3. Results
3.1. Characteristic Temperatures and Enthalpies

A first step of examining the thermo-physical properties of
amorphous metals is the monitoring of their respective charac-
teristic temperatures, which are the glass transition temperature
and the onset of crystallization, together with the enthalpy that
is released during the crystallization. In Fig. 1a) the heat flow
curves of all twelve different Pt/Pd-Cu-Ni-P based alloys during a
DSC heating scan with 0.33 Ks—! obtained by differential scanning
calorimetry are depicted. For each sample, the endothermal step
of the glass transition is well visible. Here the initial glassy non-
equilibrium state undergoes its transition to the metastable SCL
state, detectable due to the increase in heat capacity generated by
the change in configurations with temperature in the metastable
liquid, as opposed to the glassy or crystalline state. The metastable
plateau-like region of the SCL is then interrupted by a sudden
exothermal event, the onset of crystallization. A clear shift of glass
transition and onset of crystallization with increasing Pd content
is observable. The growing length of the SCL region reflects an in-
creasing resistance against crystallization with higher Pd content.
In Fig. 2a) the evolution of the glass transition and onset of crys-
tallization is depicted, showing a rather linear dependence with
Pd content. Just the composition involving the least amount of Pt,
Pt2.5Pd40, is posing an outlier by surpassing the PtOPd42.5 alloy in
thermal stability.
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Fig. 1. a) DSC scan with 0.33 Ks™! of Pty;5.xPdxCuy;NigsPy; with variations in Pd
content (X) measured in Al pans up to 723 K giving a detailed view of the glass
transition region as well as the crystallization event {exothermal peak). b) DSC scan
with 0.33 Ks~' of Pty 5.xPdyxCuy;NigsP,; with variations in Pd content (X) measured
in C crucibles up to 973 K depicting also the melting event (endothermal peak) of
all alloys. The hot shoulder emerging at Pd contents x > 17.5 at% is labeled and
marked with black triangles. The triangles highlight the end of the shoulder-like
heat flow signal during melting, which is corresponding to the liquidus temperature
for each alloy.

With changing Pd content the shape and area of the crystal-
lization event change in the thermogram, i.e., the enthalpy of crys-
tallization (Fig. 2a)) decreases significantly through the addition of
Pd after a concentration of 22.5 at%. Beyond this concentration a
drop of almost 50% can be observed comparing Pt20Pd22.5 and
Pt7.5Pd35. The detailed evolution of the enthalpy of crystallization
as a function of composition is provided on the left axis of Fig. 2a).

When turning the focus on Fig. 1b) to higher temperatures be-
yond the crystallization event, the (endothermal) melting of the
crystalline mixture can be observed. Here changes in the solidus
and liquidus temperature and in the shape of the melting-event
can be observed as well.

While the pure Pt42.5Pd0 alloy is showing a (well-known) off-
eutectic behavior with three distinct melting events [12], a merg-
ing of the events can be seen until a Pd content of 17.5 at% is
reached. From there a high temperature shoulder of the melting
peak, marked by an arrow in Fig. 1b) is evolving, leading to an
increase of the liquidus temperature, while the melting peak is
splitting up again to multiple events. Especially the onset of melt-
ing is shifted to lower temperatures as another peak is starting to
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Fig. 2. a) Results of the low temperature DSC measurements of the glass transition
temperature (open circle) and the onset of crystallization (open diamonds) and the
enthalpy of crystallization (open rectangle) of Ptyps5.xPdxCuy;NigsP2y as a function
of Pd content at a heating rate of 0.33 Ks''. b) Results of high temperature DSC
measurements including enthalpies of fusion (filled rectangle) and liquidus tem-
peratures (filled circles)) of Pty;s5.xPdxCuy;NigsP;; as a function of Pd content at a
heating rate of 0.33 Ks'!. The decrease in AH; reflects the changes in entropy of
fusion AS;, which is the slope of the difference in Gibbs free energy at the lig-
uidus temperature AG"™(T,). Error bars of glass transition, crystallization and lig-
uidus temperatures are in the size of the symbols and are therefore not shown.

establish at around 770 K. In the following the high temperature
shoulder remains roughly at the same position for further addition
of Pd, stabilizing the observed liquidus temperature. Between 17.5
and 30 at% the peaks mainly change their shape and position until
they merge again at 35 at% Pd to a single main peak with a dis-
tinct shoulder. This evolution of the shape of the peak is briefly
summarized in SI Fig. 1.

In contrast to the ongoing changes in shape, and magnitude of
the melting peak, the enthalpy of fusion, remains relatively sta-
ble at around 9.5 k] g-atom™! until an amount of 22.5 at% of Pd
is reached. From here a sudden drop to around 5.5 k] g-atom’
for alloys containing 35 at% or more Pd is observed. This progres-
sion of the enthalpy of fusion with rising Pd content is very simi-
lar to that observed for the enthalpy of crystallization, graphically
summarized in Fig. 2a) and b). Compared to the, close to linear,
dependence of the glass-transition and crystallization temperature
the enthalpies rather show a sigmoidal trend, strictly shifting from
“Pt-like” to “Pd-like” behavior. Further it seems notable that most
significant changes occur on the Pd-rich side and not right in the
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middle of the compositional range. Further the Pt25Pd17.5 compo-
sition shows the minimum in the liquidus temperature as well as
the smallest melting interval T;-Tp,, i.e., the composition closest to
eutectic behavior is located on the Pt-rich side. for. Therefore, a
possible change of the primary crystalline phases would rather be
expected on the Pt-rich side than in the middle.

A detailed summary on the characteristic temperatures and en-
thalpies of all examined alloys is provided in Table 1. Here also
the melting point of samples that are crystallized in the up-scan
of initially amorphous samples with 0.33 Ks™! is provided (for plot
see SI Fig. 2). It shall be noted that due to the occurrence of several
metastable crystalline phases in the alloy system the onset of melt-
ing is strongly depending on the thermal history/crystallization se-
quence (compare SI Fig. 3), similar to observations in Au-based
BMGs during fast scanning calorimetry (FDSC) [26]. The narrow-
ing of the temperature range of melting is further summarized in
SI Fig. 2, depicting the evolution of the melting and liquidus tem-
perature.

3.2. Isobaric specific heat capacity

In Fig. 3a)-d) the specific heat capacity in glassy, (supercooled)
liquid, equilibrium liquid and crystalline state, measured by a step-
method with a sapphire standard, is exemplarily depicted for four
different Pt/Pd ratios. For reasons of space and clarity only the
data of these alloys is shown in this figure, while an overview of
all twelve alloys is provided in the SI-Fig. 4. Heat capacity data
on the alloy Pt42.5Pd0 was previously published in Ref. [10] The
fits of the liquid (dashed line) and crystalline state (full line) are
based on Eq. (1) and Eq. (2). The fitting parameters obtained for
all twelve compositions are provided in Table 2. At low temper-
atures far away from the glass transition, but above the Debye-
temperature, the specific heat capacity of the giassy and crystailine
alloy are similar and at around 3 R (= 25 ] g-atom™! K'!) according
to Dulong-Petits rule, typically observable in various metallic sys-
tems [17,27-29]. Independent of the glass transition temperature,
the heat capacity of the glassy state begins to distinctively deviate
from the crystal at around ~430 K, which can be traced back to
relaxation effects. Here the assumption of a stable thermodynamic
state is not fulfilled within the observation window. Therefore, it
should be noted that the described specific heat capacities of the
glass above ~430 K are unstable non-equilibrium values. This ef-
fect of relaxation becomes more eminent, when approaching the
glass transition, where the glass fully relaxes to the supercooled
liquid state. The respective jump in heat capacity at the glass tran-
sition temperature Acp"" (Tg(0.33 Ks™1)) for a heating rate of 0.33
Ks! is highlighted for each alloy. The lack of cp-data between the
deeply supercooled liquid and the liquidus temperature is caused
by the limited thermal stability of the supercooled liquids and the
resulting interference with crystallization.

3.3. Enthalpy

The determined functions of the isobaricspecific heat capacity
of liquid and crystalline state allow a description of the enthalpy
during undercooling for all observed liquids with respect to the
crystalline state. The excess enthalpy between liquid and crystal
AH'"X(T) can be described by

T

AH'™(T) = AHp+ [ A (T')dT’, (6)
Tiusion

with Tgsion being the temperature of fusion. The temperature of

fusion defines the temperature at which the difference in Gibbs

free energy between crystal and liquid AG'* would become zero.

In this context the liquidus temperature is used as the temperature
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Fig. 3. Isobaric specific heat capacity of glassy ¢, (open rectangle), liquid (open triangle) and crystalline state (open circle) for PtssPd;sCugzNigsP2 (light green),
Pt3; 5Pd3oCuyzNigs P2y (yellow), PtysPdssCuy;NigsPoy (orange) and PtoPdy; sCuyzNigsPyy (red). The fits of crystalline states (full line) and liquid states (dashed line) are based
on the Kubaschewski equations, compare Eq. (1) and 2. Additionally, the difference in the isobaric specific ¢ heat capacity between liquid and crystalline state at the glass
transition temperature Acp“‘ (Tg) at a heating rate of 0.33 Ks™! is highlighted with a black bar for each alloy. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Table 1
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Summary of characteristic temperatures and enthalpies extracted from DSC scans at a heating rate of 0.33 K s of X-ray

amorphous samples.

alloy T (K) T (K) Tm(K) T (K) Hy (k] g-atom™")  AH; (k] g-atom™')  AS; (J g-atom™! K1)
Pt42.5Pd0 517 589 799 863 + 04 6 +02 9.7 +03 113+ 03
Pt40Pd2.5 518 586 799 857 £ 0.2 6.9 £ 0.2 9.8 + 0.2 114 +£03
Pt35Pd7.5 522 596 801 844 + 0.2 63 + 0.2 9.7 £02 114 + 0.2
Pt30Pdi2.5 528 602 803 834 £ 06 62+02 9.9 +0.1 118 £ 0.1
Pt25Pd17.5 535 610 798 829 £ 04 59+ 02 95+ 0.1 114 + 0.1
Pt22.5Pd20 537 616 786 841 + 1.2 53+02 93 +£04 11 0.5
Pt20Pd22.5 541 621 77 849 £ 09 54+ 02 95 + 0.1 112 £ 0.2
Pt17.5Pd25 543 626 777 857 +£27 55402 86+ 09 101 £ 1.1
Pt12.5Pd30 551 643 765 862 £+ 24 49402 75+ 05 86 + 05
Pt7.5Pd35 560 657 778 872.£3.5 35+02 5.6 £ 0.1 6.4 + 0.2
Pt2.5Pd40 569 677 790 870 + 0.9 33+02 59 +02 6.7+ 02
PtOPd42.5 574 664 795 869 £ 2.1 35+£02 53+ 04 6.1 £ 0.5

Table 2

Summary of the fitting parameters obtained by applying Eq. (1) and (2) to the specific heat capacity data.

alloy a-10® (J g-atom™' K2) b - 10-% (] K g-atom™') ¢ - 10° (] g-atom~! K2) d - 10° (] g-atom~! K3)
Pt42.5Pd0 11.5852 + 0.4865 5.1317 + 0.1748 -7.2702 + 04197 16.5269 + 0.8654
Pt40Pd2.5 8.898 + 0.3475 5.9989 + 0.1148 —4.1856 + 0.709 12.6481 + 1.4416
Pt35Pd7.5 8.6865 + 0.2238 6.0151 + 0.085 —4.3478 + 0.286 12.0134 + 0.6025
Pt30Pd12.5 9.6033 =+ 0.2109 5.9562 + 0.0837 —4.2551 + 0.9987 12.0506 + 2.0343
Pt25Pd17.5 12.7526 + 0.2683 5.3118 + 0.0911 —5.0686 + 0.8625 14.1399 + 1.671
Pt22.5Pd20 7.968 + 0.2362 6.0837 + 0.0855 —7.0333 + 0.8697 17.082 + 1.6396
Pt20Pd22.5 9.6053 + 0.1791 5.8765 + 0.0712 —3.8779 + 0.3081 11.6243 + 0.6424
Pt17.5Pd25 15.5827 + 0.2856 4.737 + 0.1064 —5.2054 + 0.2286 15.5093 + 0.4592
Pt12.5Pd30  4.5858 + 0.1466 6.8645 + 0.0584 —9.0089 -+ 0.3869 25.4256 + 0.7216
Pt7.5Pd35 11.7029 + 0.2488 5.3953 + 0.0948 -10.6974 + 1.0505 30.2484 + 23118
Pt2.5Pd40 9.4793 + 0.2841 5.908 + 0.1153 —6.5437 + 0.5034 21.6794 + 0.9928
PtOPd42.5 11.4358 + 0.2719 5.5529 + 0.1101 —3.317 £ 0.851 13.4045 + 1.9733

of fusion, presuming thermodynamic equilibrium at this tempera-
ture. Since the present alloys do not show congruent melting, at-
tention must be put to this assumption. For very off-eutectic sys-
tems, especially those showing a high temperature shoulder dur-
ing melting, it can lead to underestimations of the excess en-
thalpy. Nevertheless, the liquidus temperature, T; can be seen as a
valid assumption, as it marks the first temperature boundary, be-
low which a driving force for (partial) crystallization is eminent in
multi-component systems.

In Fig. 4 the course of the excess enthalpies of the four ex-
emplary alloys, already used in the depiction of the heat capac-
ity data, is shown. In addition to the AH™(T) curves a + 30 con-
fidence interval, with ¢ being the standard deviation of the en-
thalpy of fusion, is shown. For each alloy resulting crystallization
enthalpies AHx of non-isothermal crystallization experiments at
various rates between 0.025 Ks~! and 3 Ks~! are depicted. The
variation of heating rates leads to different crystallization temper-
atures, which due to the difference in heat capacity Acpl"‘ ulti-
mately results in the different crystallization enthalpies, being con-
sistent with the enthalpy changes that are calculated from inte-
grating the specific heat capacities.

At the low-temperature branch of each AH™(T) curve horizon-
tal lines are added to describe the residual enthalpy AHpes (T)
of a glass that has initially left its metastable equilibrium at a
cooling rate T =dT/dt at the fictive temperature Tg.(T) [30]. The
fictive temperature Tg. is defined as the temperature where the
metastable equilibrium is left during cooling [30], AHres (Tge) is
a measure of the stored enthalpy in the glass assuming no fur-
ther relaxation below Tg. Hence, it is a first order approximation
or upper limit, as in real systems relaxation is always present in
the wider surroundings of the glass transition region (compare to
the heat capacity of the glass in Fig. 3). The AH"™*(T) curves of all
twelve examined alloys can be found in SI Fig. 5.

4. Discussion
4.1. Residual enthalpy and connection to mechanical properties

Due to their similar phenomenology, the descriptions of volume
or enthalpy as a function of temperature are often used in synony-
mous ways in glass science. This inherent connection of volume
and enthalpy for supercooled liquids and glasses was often pur-
sued experimentally and good correlations for the relative changes
of both quantities were shown for glasses in general [31] and in
particular for metallic glasses [32-35]. Hence, knowledge of the
excess residual enthalpy in the glass allows inferences about the
excess volume that is trapped in the glassy state, called free vol-
ume [36]. Free volume is of high significance for the glassy state as
it is connected to manifold properties e.g. diffusion, viscosity and
especially plastic flow [37-39]. The plastic flow in metallic glasses
can be understood as the local redistribution of the free volume
through shear-transition zones (STZs) [39]. A large amount of free
volume facilitates ductility as it allows for the activation of mul-
tiple shear bands, instead of a single shear band that fatally runs
through the sample. Further it does facilitate the shielding of crack
tips, as high free volume leads to a plastic zone that is composed
of a high number of easy moving shear bands [40]. Thus, the duc-
tility of the glass is inherently connected to the amount of free
volume of the glass, which is governed by its thermal history and
chemical composition [14,41,42]. Within this context predictions of
the mechanical properties based on the enthalpy curves can be
made.

Regarding the mechanical properties Kumar et al. recently re-
ported that Pt-based metallic glasses show much higher plasticity
than their Pd-based peers, connecting the Pd content to the duc-
tility [15]. Also structural considerations about the atomic connec-
tion schemes in Pt/Pd-based metallic glasses by Gross et al sup-
ported/suggested the embrittlement through additional Pd in these
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Fig. 4. Difference in excess enthalpy between liquid and crystalline state AH"(T) for PtssPd;5Cuz NigsPs; (light green), Pty; sPdagCuzyNigsPay (vellow), Pty sPdssCuz; Nig sPay
(orange) and PtoPdy; 5Cuy;NigsP;; (red). A confidence interval of + 3¢ (dashed line) is depicted to account for experimental uncertainty and crystallization enthalpies (open
circles) from independent DSC measurements are inserted to support the validity of the calculation of the enthalpic curves based on measurements of the isobaric specific
heat capacity and enthalpies of fusion (compare Fig. 2 and Fig. 3). Further the residual enthalpies for two different cooling rates, based on the respective fictive temperature
are shown for each alloy by horizontal dashed lines. It estimates the amount of enthalpy that is stored in a glass that has left the metastable liquid at the given cooling rate.
Error bars of the crystallization enthalpies are in the size of the symbols and are therefore not shown. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

systems [13]. From our present results further predictions about
the mechanical properties can be derived by reviewing the residual
enthalpies AHes in the glassy state. In Fig. 5a) AHes for a cooling
rate of 0.33 Ks~! is shown as a function of Pd content. While the
Pt-rich alloys feature a very high amount of AHs with around 4
k] g-atom~', a sudden drop at 30 at% Pd to about 2 or even 1 k] g-
atom~! (PtOPd42.5) can be observed. Assuming the validity of the
proportionality of excess enthalpy and free volume [34], this leads
to a higher amount of free volume in the Pt-rich glasses in com-
parison to the Pd-based ones. This large amount of free volume
can ease the nucleation of multiple shear bands, facilitating plas-
tic flow and ultimately promote ductility for the alloys with large
AHyes. Therefore, the enthalpy curves are in line with the idea that
Pd decreases the ductility in the Pt/Pd-Cu-Ni-P system by lowering
its free volume. It further agrees with the considerations regarding
the mechanical properties based on structural data by Gross et al
[13]. Here changes of atomic connection schemes in the Pt/Pd-Cu-
Ni-P system were observed, suggesting a higher sensitivity towards
embrittlement with rising Pd content [13]. Now, based on AHyes as
a function of Pd content, a first estimate of the location of a duc-
tile/brittle transition in compositional space can be made. Further
does the sudden decrease of AHyes at around 30 at% Pd, depicted
in Fig. 5a), suggest a rather sudden drop than a continuous de-

crease in the ductility, when consecutively replacing Pt by Pd in
the alloys.

Nevertheless, the amount of AHpes, and hence the free volume
does not only depend on the composition, but also on the cooling
rate. The cooling rate of the liquid defines, at which temperature
the metastable liquid is left (fictive temperature) and the glassy
state is entered. Ultimately, fast cooling rates end up in a higher
fictive temperature and slower cooling rates vice versa. The influ-
ence of the cooling rate on the ductility of a glass, described by
the fictive temperature of the glass, was briefly examined by Ku-
mar et al. showing the existence of a so called critical fictive tem-
perature for embrittlement in different families of alloys [14]. In
our study a Pt-based system can be seen exemplary for a low, and
a Pd based system for a high critical fictive temperature, with re-
spect to a standardized glass transition temperature, Consequently,
Pt can sustain much lower cooling rates than the Pd-based system
and still exhibit ductile behavior. From this the question arises if
this cooling rate sensitivity is also mirrored in the enthalpic sce-
nario.

To account for the enthalpic changes due to the cooling rate
the residual enthalpy at a cooling rate of 3 Ks'is also depicted
in Fig. 5a) and the absolute and relative changes with respect to a
rate of 0.33 Ks~! are shown in Fig 5b). Regarding the absolute num-
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Fig. 5. a) Compositional dependence of the residual enthalpy that is frozen in at
the glass transition temperature for the cooling rate of 0.33 Ks' (all alloys) and
3 Ks! (selected ones) with respect to the crystalline mixture. The residual enthalpy
is calculated based on the excess enthalpy at the fictive temperature at the specific
cooling rate AH™(T;) = AHes(Ty).

b) Compositional dependence of relative (left axis) and absolute (right axis) change
of residual enthalpy AHys between glasses created at 0.33 Ks' and 3 Ks''. The
change in AHps is a measure of the cooling-rate dependence of the enthalpy that
is stored in the glass at a given cooling rate. Whereas in absolute numbers this
change is the highest in Pt-rich alloys and very low in PtOPd42.5, the relative trend
is the complete opposite.

c) Scatter plot of the jump in specific heat capacity at the glass transition at a heat-
ing rate of 0.33 Ks' over the difference in residual enthalpy between cooling rates
of 0.33 Ks™' and 3 Ks*! normalized by the respective change in fictive temperature.
A very good correlation of both parameters is found resulting with an R > 0.995.

ber, a steady decline of the enthalpic changes can be seen with
rising Pd content, reflecting the overall trajectory of the residual
enthalpy. It is a measure of the sensitivity of the residual enthalpy
to different cooling rates as well as to annealing. At a first glance,
a larger change of the residual enthalpy would mean a higher sen-
sitivity to embrittlement. Although, as the total amount of residual
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enthalpy/free volume should be decisive for the mechanical perfor-
mance, a relative change of AHes might be a more representative
measure of the cooling rate sensitivity towards embrittlement. Re-
garding the relative changes to the residual enthalpy at 0.33 Ks™!
the Pd based glass shows a relative loss of 12% of its already low
residual enthalpy, relating to its higher sensitivity to embrittle-
ment. Nevertheless, for the accurate way to quantify the sensitivity
to embrittlement of a glass, its critical fictive temperature or bet-
ter the resulting critical residual enthalpy/free volume, would have
to be known. It would allow to scale the enthalpic changes with
this critical residual enthalpy, leading to the most physical way of
quantifying the cooling rate sensitivity. The values for the residual
enthalpies are summarized in Table 3.

Further, the sensitivity to changes of the enthalpy with differ-
ent cooling rates should depend on the specific heat capacity of
the liquid and scale well with the difference in ¢, of crystal and
liquid at the glass transition. This means, the higher the step of ¢,
at Tg, the higher should be the ¢, of the supercooled liquid and
the larger should be the change in enthalpy with changing cooling
rate and the more pronounced should be the cooling rate sensi-
tivity of the ductility. When nominating the difference in residual
enthalpy on the change of the fictive temperature for the two ex-
emplary rates, which incorporates the kinetic behavior, a scatter
plot shows a good correlation with Acp!™(Tg) with an R? value of
0.995, depicted in Fig. 5c). The good correlation of both quanti-
ties is not surprising, as AHes/ATg is somehow a linear approx-
imation, as cp is defined as the first derivative of H with respect
to temperature at constant pressure (dH/dT|p—const). Nevertheless,
since the enthalpic curve is based on the combination of heat ca-
pacity and independent measurements of the heat of fusion it is
a validation of the calculations and the used assumptions. At this
point it shall be noted that Acp""(Tg) is connected to the thermo-
possible role of fragility regarding the mechanical properties. The
given considerations underline the possibility to estimate the cool-
ing rate sensitivity of the residual enthalpy, based on heat capac-
ity data. It shall be remarked that the correlation of cooling rate
sensitivity to the ¢, is only robust, when the fictive temperature
is showing similar cooling rate dependencies, which means similar
kinetic fragilities.

4.2. Gibbs free energy and driving force for crystallization

Based on specific heat capacities and melting enthalpies a cal-
culation of the difference in Gibbs free energy between the liquid
and crystalline mixture AG™ is possible with

AG¥(T)y = AH¥(T) =T AS¥(T), (7)
and
Tag(r)
ASX(T) = AS; + /fd]". (8)
T
ASp = - (9)

where AS* describes the excess entropy between liquid and crys-
talline state and AS; is the entropy of fusion. The difference in
Gibbs free energy between liquid and crystalline state allows a
lower estimation of the driving force for crystallization in a multi-
component system [43]. Therefore it can be used to describe the
thermodynamic contribution to the GFA of a liquid [2,3,44-46].
To relate it to the degree of undercooling AG™* is plotted as a
function of temperature normalized to the liquidus temperature in
Fig. 6a.



Publication I
121

N. Neuber, 0. Gross, M. Frey et al. Acta Materialia 220 (2021) 117300
Table 3

Summary of the thermodynamic characteristics derived from the isobaric heat capacity data and melting analysis. The residual enthalpies are provided at fictive tempera-
tures of different cooling rates. If not particularly marked T, values correspond to a heating rate of 0.33 Ks'.

Acy™(Tg) (J Acp Ty (Tg) - AHes(0.33 K s71) (] AHres(3K s} (1 AGH(T,)
alloy g-atom ' K1) 10%(J g-atom™ K2) g-atom™ ') g-atom ') g-atom ') Teg
Pt42.5Pd0 247 £ 05 4.79 + 0.1 3990 + 80 4280 + 90 2720 + 60 0.599
Pt40Pd2.5 25.7 £ 0.6 4.97 £ 0.11 4190 =+ 90 / 2740 = 60 0.604
Pt35Pd7.5 254 £ 05 4.86 + 0.1 4290 + 90 4560 + 90 2620 + 50 0.618
Pt30Pd12.5 253 +£03 4.8 + 0.05 4580 + 50 ! 2630 + 30 0.633
Pt25Pd17.5 241 +£0.2 452 4+ 0.04 4310 + 30 / 2410 + 20 0.645
Pt22.5Pd20 241+ 1.1 4.46 + 0.21 4300 =+ 200 4580 + 210 2560 + 120 0.639
Pt20Pd22.5 24+ 03 4.43 + 0.06 4410 + 60 / 2500 + 40 0.637
Pt17.5Pd25 227 £12 4.18 £+ 0.22 3310 + 170 / 2120 = 110 0.634
Pt12.5Pd30 221 +£13 399 +£0.24 4050 + 240 / 2150 + 130 0.639
Pt7.5Pd35 201 £05 3.58 £ 0.09 2120 + 50 2340 + 60 1430 + 30 0.642
Pt2.5Pd40 203 £ 0.7 3.56 + 0.13 2250 + 80 / 1430 + 50 0.654
PtOPd42.5 209 £ 1.2 3.64 £ 0.21 960 + 50 1110 + 60 1050 + 60 0.660
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Fig. 6. Difference in Gibbs free energy between the supercooled liquid and the crystalline mixture AG"* for the Pt-Pd-Cu-Ni-P based bulk metallic glass-forming liquids over
the by the liquidus temperature normalized temperature T/T,. A consecutive decrease of the free energy curves with rising Pd-content is observed. The inset summarizes the
value of the Gibbs free energy at the glass transition temperature for a cooling rate of 0.33 Ks*' AG™* (Tg(0.33 Ks!), being a lower estimate for the maximum in driving
force for crystallization that the liquid experiences before leaving its thermodynamic equilibrium. In addition, the entropy in fusion AS; is shown on the right axis of the
inset, showing the same trend as the Gibbs free energy. A dashed line is added to the curves to underline that the value of AS; marks the slope of AGH(T)).

A decrease of the difference in Gibbs free energy is observed
with increasing Pd content. For reasons of clarity a depiction of
the Gibbs free energy at the glass transition temperature for 0.33
Ks~! (fictive temperature) together with the entropy of fusion ASg,
is provided in the inset. For the total values of ASg the Pt-rich
alloys trend to show a higher, whereas the Pd-rich alloys feature
a lower value than expected by Richard's rule, which predicts an
approximated AS; of 8.78 | g-atom~' K~! ~ R for metalls [47],
while elemental Pd and Pt are both known to follow Richards rule
very well [47]. The entropy of fusion further represents the nega-
tive slope of the AG"™* (JAG"*/aTl;_ry = -AS;) curves at the lig-
uidus temperature. The compositional dependence of AGH* is very
similar to the changes of the enthalpy and entropy of fusion ASg
in the system. This good agreement was shown in several systems

e.g. Au-based systems [48]. Therefore AS;, can be used as an es-
timation of AG"* (T) (Turnbull approximation) assuming a linear
course of AG"™ (T) (physically relating to assumption of Acp™
0) [49] with undercooling. The AG™* (T) curves of Ptd42.5Pd0 and
PtOPd42.5 are in good agreement to those reported for the same or
similar compositions (Pd43Cuz;NiqgPoq) in Refs. [12,50].

PtOPd42.5 features one of the lowest driving forces for crys-
tallization that was measured in any metallic system and can
therefore be considered a thermodynamically very stable liquid
against crystallization. Another parameter widely used to quantify
the thermodynamic contribution to GFA is the so called reduced
glass transition temperature Trg = Tg/T| [51,52]. Trg is a measure
for the temperature range between the first occurrence of a driv-
ing force for crystallization (here the liquidus temperature) and the
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moment of kinetic arrest (Tg). The smaller this temperature span,
which is critical for crystallization, the higher becomes Tg. Hence,
the higher T, the better should be the glass forming ability. The
values of Tyg, provided in Table 3 (also graphically depicted in SI
Fig. 2), mirror the tendency of the driving forces well. Still one has
to note that here the change of Ty is actually not caused by the
change of the liquidus temperature, as it is often observed [52],
but rather by the increase of Ty with Pd content. This suggests
some changes of merely the liquid state. The additional Pd must
contribute to an internal slow-down of the liquid shifting the glass
transition to higher temperatures, without significantly influencing
the liquidus temperature.

4.3, Thermodynamic fragility and structural signatures

The rise of the glass transition temperature (Fig. 2, Tab. 1)
within the alloy system already suggests a significant slowdown of
the dynamics in the liquid state with rising Pd content. This leads
to the question: Which thermodynamic property is the most ap-
propriate to describe these changes? MD simulations suggest that
structural redistribution and ordering processes of the deeply su-
percooled liquid lead to significant changes of the specific heat ca-
pacity with temperature close to the glass transition [53]. There-
fore, the suggested dynamic slowdown of the liquid phase may
also be reflected by the different temperature dependence of the
specific heat capacity of the liquid during cooling. This idea ul-
timately traces back to the theory of Adam and Gibbs, assuming
that the supercooled liquid is consisting of groups of atoms that
form so called cooperatively rearranging regions (CRRs). Upon un-
dercooling the liquid, CRRs grow in size and increase their degree
of cooperativity. Hence, this process is consecutively reducing the
number of available configurations within the system [54], result-

inoc in a derreace of the ronfiouratinnal sntraony € accomnanied
INg In a Gedrease ¢f ne {enngurationa: entrepy 5S¢, atfompanied

by a rise of the specific heat capacity and being connected to the
tremendous rise of viscosity and relaxation times when approach-
ing the glass transition. In this framework Adam and Gibbs de-
scribed the change in viscosity n, a kinetic/dynamic quantity, using
a temperature dependent thermodynamic quantity, the configura-
tional entropy S¢(T) as
D) = o exp( o). (10)
S(T)T

where 7y is the high temperature limit of viscosity and C is a con-
stant that is proportional to the free energy barrier for a cooper-
ative rearrangement [55]. Under the assumption of a neglectable
difference in vibrational entropy between liquid and crystalline
state, experimentally underpinned by recent studies of Fultz et al.
[56], the excess entropy AS"™* can be used instead of S to describe
the entropic changes with temperature [57].

This connection between kinetic and thermodynamic proper-
ties allows to quantitatively determine a thermodynamic fragility
[50,58]. A connection between the excess entropy and the ki-
netic fragility concept was qualitatively made by Angell and his
co-workers as early as 2001 [57,59]. Instead of relaxation time
or viscosity, the change of configurational entropy/excess entropy
around the glass transition is used to describe the (thermody-
namic) fragility.

Due to the connection of AS™ to Acy'™* (dASH/AT = Acy!™/T,
compare equ. 8) and taking into account the minor difference in
the heat capacity of glass and crystal (Acy"™*(Tg) ~ Acy™8(Tg))
[G0], the difference in isobaric specific heat capacity between lig-
uid and crystal Acp'""(Tg) at the glass transition or rather the tem-
perature nominated value Acp™(Tg)/Tg (= dAS™*/dT}_1,) can be
used as a measure of thermodynamic fragility [50,57,58]. A larger
cp-step at the glass transition corresponds to a more rapidly in-
creasing configurational entropy in the liquid upon cooling, corre-
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Fig. 7. Difference in isobaric specific heat capacity between liquid and crystal
Acy¥(T,) as a function of Pd-content (left axis) together with the same difference
being normalized by the glass transition temperature Acy'*(T)/Ty. This is a mea-
sure of the rate at which the configurational entropy of the liquid changes at the
given temperature and ultimately reflects the thermodynamic fragility.

sponding to thermodynamically more fragile behavior. Vice versa,
a smaller step is reflecting thermodynamically stronger behavior.
Both parameters Acy™(Tg) and Acp™*(Tg)/Tg, show the same
development with changing Pt and Pd content in Fig. 7, which is
not surprising due to the linear progression of the glass transition
chanoing Pt/Pd ratin {comnare Fio 2a)) With

temperature with 2a)). With

temperature with changing Pt/Pd ratio (compare Fig.
growing Pd content the increase of the heat capacity in the liquid
state during cooling becomes shallower, i.e., the decrease of excess
entropy becomes smaller, which would be associated with a ther-
modynamically stronger liquid behavior.

When reviewing the kinetic fragility in literature, fragility pa-
rameters D* of 15.3 for Pt42.5Pd0 [10] and D* values of 14.0 [11] for
Pd43CuyyNiygPyo are reported. This is surprising, as both liquids
should exhibit the thermodynamic signature of a similarly fragile
metallic liquid. However, the current results have drawn the differ-
ent picture of a thermodynamically stronger Pd-based liquid.

Nevertheless, the thermodynamically strong behavior agrees
with the picture of the Pd-rich liquid that is thermodynamically
close to the crystalline state, as suggested by the Gibbs free energy
curves and the relatively low enthalpy and entropy of melting. This
picture is further supported by structural investigations by Gross
et al. [13], which suggested the occurrence of distinct structural
motifs with different structural units and spatial arrangement in
the Pt-P and Pd-P liquids. Regarding the structural units, the Pt-P
liquid contains a larger fraction of trigonal prisms with a signifi-
cant medium-range order (MRO), while the Pd-rich liquid features
an almost perfect icosahedral short-range order (SRO). Concerning
the spatial arrangement, the Pt-rich liquid shows a high diversity
with 1-, 2- and even 4-atom connections of the individual clus-
ters, whereas the more rigid 3-atom connection seems to prevail
for the Pd-rich liquid. This high diversity of connection schemes
of the structural units/clusters is further pointing towards the high
degree of medium range order in the Pt based system [13]. Ulti-
mately it is assumed that the thermodynamically strong behavior
of the Pd rich alloys, deduced from the behavior of the excess heat
capacity and change of excess entropy, is in high resemblance to
the structural findings. Further it is hypothesized that the thermo-
dynamic strong behavior is presumably associated to the described
variations in the distribution of cluster connections.
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Fig. 8. a) Full width half maximum (FWHM) I'(T) of the FSDP of the total structure
factor S(Q) nominated on the FWHM at the respective glass transition temperature
at 0.33 Ks™! I'(T,) for all Pt/Pd variations on a Tg-normalized temperature scale. The
measurements are carried out on samples that were priorly cooled with 0.33 Ks!
from the SCL state (Tgeng+10 K) to exclude structural relaxation during the main
measurement. Whereas the FWHM remains constant in the glassy region it shows
a significant increase above the glass transition (here T/T; > 1). A strong variation
in the slope of the curves in the SCL with composition can be detected in the SCL
region. b) The change of FWHM of the FSDP of the total structure factor S(Q) with
temperature dT/dT in the SCL region as a function of Pd content (left axis) and the
change of the difference in isobaric specific heat capacity between liquid and crys-
tal nominated on the glass transition temperature Ac,"*(Tg)/Tg as a function of Pd
content (right axis). Both quantities are showing the same trend in compositional
space. c) Scatter plot of the change in FWHM with temperature dI"/dT over the by
Ty normalized difference in isobaric specific heat capacity between liquid and crys-
tal Acp*(Ty)/Tg. The latter describes the rate of loss of configurational entropy at
the glass transition, ultimately being a measure of the thermodynamic fragility. A
strong correlation of both quantities with an R2-value of 0.92 was achieved, hinting
towards at least a qualitative correlation within the system.

Following this argumentation, the evolution of the c,-step at
Tg and ultimately the thermodynamic fragility of the systems
might be connected to the changes on the MRO length scale. In
other words, the increasing cp-step and slope of excess entropy
upon substituting Pd by Pt might reflect the increasing diversity
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of cluster connection schemes. To structurally assess these rele-
vant length-scales in X-ray diffraction experiments, the first sharp
diffraction peak (FSDP) comprises a large part of the corresponding
information [61]. Nevertheless, when connecting to macroscopic
properties it is important to pay attention, as due to their large
scattering cross-section [62], the scattering data is dominated by
the contribution of Pt and Pd atoms. Hence, all structural informa-
tion is merely reflecting the behavior of these large noble metal
atomic species, while the role of e.g., P cannot directly be probed
by the used diffraction techniques.

Especially with the focus on the characteristics of specific heat
capacity and the change in configurational entropy, the full width
at half maximum (FWHM) I' should be a good quantity repre-
senting the diversity in the connection schemes, and therefore in
the MRO. Structural studies have shown that the FWHM of the
FSDP correlates well with the correlation length over which the
period of a repeated unit survives, underlining its connection to
the medium range order in non-crystalline systems [63]. Further
it was also used to characterize the relaxation state and increas-
ing MRO in a metallic glass [64]. The FWHM itself is very sensitive
to temperature changes and is broadening with increasing temper-
ature due to the increasing atomic vibrations (Debye-Waller fac-
tors [65]). The atomic clusters themselves are representing the SRO
of the system, whereas the interaction between the clusters and
how they are interconnected is described by the MRO. The change
of the FWHM of the FSDP corresponds to changes on the length
scale of the MRO and therefore allow to quantify differences in the
cluster connections. A large temperature sensitivity of the FWHM
of the FSDP might resemble a high diversity of cluster connec-
tions (MRO) which should thermodynamically condense in a larger
change in configurational entropy, thus a thermodynamically frag-
ile behavior, as observed for the Pt-rich liquids.
the changing Pt/Pd content throughout the glassy and SCL state
until crystallization sets in. To exclude structural relaxation effects
during the heating, the samples were initially heated to a tempera-
ture Tgenq+10 K and then cooled at the same rate of 0.33 Ks~! (see
course of the FWHM in SI Fig. 6). In Fig. 8a) the normalized FWHM
is shown on a temperature scale normalized by Tg. In the glassy
state the FWHM features a shallow progression with temperature,
leading to a slope of almost zero. It is followed by an abrupt rise
in FWHM, as the system is entering the supercooled liquid state.
Qualitatively the trend of the curves already shows high similar-
ity to the progression of excess enthalpy or entropy during heat-
ing from the glassy state, when excluding relaxation effects. In the
glassy state excess enthalpy and entropy are assumed to remain
frozen in/constant until reentering the (supercooled) liquid state,
where significant rearrangements, which can lead to enthalpic and
entropic changes, are activated again. Above the glass transition
temperature different slopes of the FWHM are already visible by
eye. While the Pt-rich alloys feature a large increase of the peak
width, this increase is less significant for the liquids that feature
higher Pd contents.

In Fig. 8b), the linearly fitted slope of the FWHM above the
glass transition temperature with respect to temperature, dI'/dT, is
depicted on the left axis, quantifying the graphical trend of Fig. 8a),
of a decreasing dI'/dT with rising Pd content. This means the tem-
perature induced changes in the peak width are becoming less
prominent with increasing Pd content, well mirroring the trend of
Acp'™(Tg)fTg, with Pd content, which is added on the right axis
of Fig. 8b). Considering AEPI_X(Tg)/Tg as a measure of the rate of
change in excess entropy AS"™(T), the tendency of a less pro-
nounced ordering process of the liquid with rising Pd content, is
qualitatively mirrored by the smaller structural changes regarding
the width of the FWHM. Therefore, the structure of the Pd based
systems are showing smaller temperature induced changes, resem-
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bling a structurally stronger behavior compared to the Pt-rich sys-
tems.

Ultimately, the scatter plot of Fig. 8c) proves the good qualita-
tive congruence between the temperature induced changes of the
FWHM dI'/dT and the changes in specific heat capacity at the glass
transition temperature Acy'*(Tg)/Tg, which in the end serves as
a measure of the thermodynamic fragility. Thus, it can be con-
jectured that the Pd based alloys behave thermodynamically and
structurally stronger than the Pt based liquids, which is also in ac-
cordance with the findings based on the structural fragility con-
cept of Wei et al. (compare Ref. [66]) for the Ptyy.5Cuy7Nig 5P2; and
Pd43Cu27Ni]0P20 llql.lld |1] I

Although, both Pt- and Pd-P liquid families feature significant
differences in their thermodynamic properties, which are also be-
ing detectable by different structural signatures, the fact that both
systems behave kinetically fragile leads to the fundamental ques-
tion of the origin of the kinetic fragility and its underlying struc-
tural mechanisms in metallic liquids. Consequently, the Pt/Pd-P
based liquids appear to be the ideal candidate for further research
on the connection between thermodynamics, kinetics, and struc-
ture. To elucidate this fundamental issue additional work will be
needed to further examine the dynamic and kinetic behavior of the
Pd-rich liquids to shed light on their anomalous behavior. Espe-
cially methods like X-ray photon correlation spectroscopy (XPCS),
which enable the resolution of the dynamics on the atomic scale,
might be providing a new insight into the dynamics and kinetics
of these metallic systems and can possibly guide to a resolution of
this dilemma.

5. Conclusion

In summary, the study reports on thermodynamic properties of
the elassy, liguid and crystalline nhase of the Pt-Pd-Cu-Ni-P bulk

1e glassy, liquid and crystalline phase of the Pt-Pd-Cu-Ni-P bulk
metallic glass forming alloy system. The glass transition, crystal-
lization and melting event is assessed regarding characteristic tem-
peratures and enthalpies. Based on measurements of isobaric spe-
cific heat capacity, the alloy system is thermodynamically modelled
to calculate the enthalpic behavior of liquid and glassy state with
respect to the crystal and the driving forces for crystallization are
estimated via calculations of the Gibbs free energy difference be-
tween crystal and liquid.

The often suggested and, in an earlier study structurally indi-
cated, scenario of rising tendencies to embrittlement through Pd
addition in the system was further underpinned through the ther-
modynamic considerations. Via monitoring of the residual enthalpy
in the glassy state as a function of Pd content, a large amount of
residual enthalpy was found for Pt-rich glasses compared to their
Pd-rich peers. Under the assumptions of a direct correlation of free
volume and residual enthalpy, the large free volume is assumed to
facilitate multiple shear banding and ultimately promote ductility.

Furthermore, the Gibbs free energy curves of the liquid with
respect to the crystalline state show a decreasing driving force for
crystallization with increasing Pd content, resulting in an increas-
ing thermodynamic stability of the liquid phase when replacing
Pt with Pd. It systematically validates the surprisingly low driving
force for similar Pd-based systems reported in literature.

Based on the behavior of the excess specific heat capacity with
temperature, the change of the excess entropy around the glass
transition was derived, suggesting a thermodynamically stronger
behavior with increasing Pd content. This stands in a contrast to
the reported kinetic fragilities, which would propose a constant or
even more fragile behavior with growing Pd content. To resolve
this discrepancy also the structural changes with temperature are
examined with HEXRD. From this a good correlation between the
excess heat capacity at the glass transition/rate of loss of configu-
rational entropy with the change of the FWHM of the FSDP I' in
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the liquid state with respect to temperature dI'/dT is found. This
further supports the picture drawn by the heat capacity data of
a thermodynamically more fragile Pt system, that is undergoing
more severe structural changes on the length scale of the FSDP
during cooling and the rather strong Pd system that remains com-
parably stable/unchanged on these observed length scales. Finally,
the findings can be seen as another milestone in the understanding
of structural changes on the MRO length scale and their connec-
tion to thermodynamic parameters, such as excess heat capacity
or configurational entropy, and ultimately thermodynamic fragility.
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The particle motion associated to the a-relaxation in supercooled liquids is still challenging
scientists due to its difficulty to be probed experimentally. By combining synchrotron tech-
niques, we report the existence of microscopic structure-dynamics relationships in
Pt42.5Cuy7Nig sP21 and Pdsz 5Cuz7Nig 5P liquids which allows us to disentangle structural and
kinetic contributions to the a-process. While the two alloys show similar kinetic fragilities,
their structural fragilities differ and correlate with the temperature dependence of the
stretching parameter describing the decay of the density fluctuations. This implies that the
evolution of dynamical heterogeneities in supercooled alloys is determined by the rigidity of
the melt structure. We find also that the atomic motion not only reflects the topological order
but also the chemical short-range order, which can lead to a surprising slowdown of the a-
process at the mesoscopic length scale. These results will contribute to the comprehension of
the glass transition, which is still missing.
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scientists and are often considered as archetypes of

complex systems!—5. Understanding glass formation and
the microscopic mechanisms responsible for the extreme slowing
down of the structural a-relaxation process in supercooled
liquids, prior to the glass transition, is a challenging task due to
the difficulty associated with the measurement of the atomic
motion using experiments and numerical simulations. Despite
these challenges, several common features have been identified in
recent vears: i) the glass transition is often considered as a
dynamical process accompanied by weak structural changes®,
although indications for underlying increasing structural corre-
lation lengths have been reported in the last ten years in
numerical studies’”*%; i) during undercooling, the relaxation time
of the a-process (or the viscosity) of glass formers increases over
several orders of magnitude in a faster-than-exponential way,
until the liquid eventually transforms in an out-of-equilibrium
glass; iii) the supercooled liquid is characterized by the emer-
gence of dynamical heterogeneities, which result in a stretched
exponential long time decay of the density fluctuations associated
to the a-relaxation!0.

Usually, the evolution of the dynamics in supercooled liquids
approaching the glass transition temperature, Ty, is described by
the kinetic fragility, m, a parameter introduced for the first time
by C. A. Angell'l. The kinetic fragility quantifies the departure
from an Arrhenius behavior of the shear viscosity - or the
structural relaxation time, 7, upon cooling a liquid at Tg. Fol-
lowing this description, all those liquids exhibiting an Arrhenius-
like evolution of the viscosity on cooling, often characterized by
strong directional bonds, are called strong, while fragile liquids
display a super Arrhenius behavior and are usually systems with
nondirectional bonds or van der Waal interactions. In the last
vears, many correlations have been proposed between the kinetic
fragzhty and several properties of both hqmds and glasses, high-
lighting the importance of this parameter!?-14,

By combining state-of-the-art synchrotron techniques, X-ray
Photon Correlation Spectroscopy (XPCS) and High Energy X-ray
diffraction (HEXRD), we show here that the evolution of the
atomic motion, and therefore of the structural a-relaxation pro-
cess, on approaching the glass transition should be described not
only by the kinetic fragility but also by the structural fragility of
the liquid!°. The latter parameter is related to the evolution of the
structure on the length scale of medium-range order (MRO) and
is found to evolve similarly to the degree of dynamical hetero-
geneities emerging during the cooling. The results of this work
emphasize the importance of the subtle changes accompanying
the vitrification process by showing that both the temperature
and length scale dependence of the microscopic a-relaxation are
correlated with the underlying structural changes.

Metallic liquids are ideal candidates for this study. Due to their
simple metallic bond structure, they have only translational
motion and, therefore, they can be considered as model systems to
study the glass transition. The two metallic glass-forming liquids
Pty,5Cuy7NigsPy; and Pdy; 5Cuy;Nig sPo; were selected for this
study for several more reasons. According to structural models of
glass-forming liquids, based on the efficient packing of repre-
sentative structural units (clusters)!®, elements with atomic radii
that deviate no more than 2 % are considered as topologically
equivalent!”, which is true for Pt and Pd in these two composi-
tions. However, HEXRD experiments have revealed significant
differences in their structures!®, Based on these experiments, it is
suggested that the structure of both liquids is dominated by two
different structural motifs. While the Pds;sCuy;NigsP5; liquid
consists mainly of icosahedral motifs, leading to a pronounced
short-range order (SRO), the structure of the Pty sCuy;NigsPs,
shows a larger part of trigonal prisms, leading to a rather

D espite decades of studies, glass formers keep fascinating

pronounced MRO. This MRO is manifested in the appearance of a
pre-peak in the low-Q range of the total structure factor S(Q),
before the first sharp diffraction peak (FSDP), which is present in
the Pt-based liquid but absent in the Pd-based one. In contrast, the
Pd-based liquid shows a shoulder on the larger Q-side of the
second sharp diffraction peak, associated to icosahedral SRO (see
Supplementary Fig. 1). Despite these structural differences, both
alloys show similar kinetic fragilities!®-2!, whereas the excess heat
capacity around the glass transition, as well as melting enthalpy
and entropy are found to be much higher in the Pt-based
liquid®!~%? than in the Pd-based alloy. This indicates that the Pt-
based alloy is more fragile from the thermodynamic point of view.
Furthermore, Pt-based glasses tend to show a more ductile
mechanical performance than their Pd-based peers, which, in
contrast, are more sensitive to cooling rate and annealing related
embrittlement®*~?’. Finally, both systems have an excellent glass-
forming ability (GFA), as described by the critical casting thick-
ness d. which is d.=20mm for Pty;sCuy;NigsP,; and
d.=80mm for the Pd,;sCusNi;sP2*®??. Such exceptional
resistance to crystallization allows us to perform dynamical
measurements in the supercooled liquid phase. All these features
make these two systems perfect candidates to study the connection
between atomic motion and the inherent structures. Qur work
shows that the combination of state-of-the-art synchrotron tech-
niques applied on metallic glass forming liquids, can elucidate the
influence of the structure on the particle motion in the deeply
supercooled liquid state close to the dynamic arrest during the
glass transition and facilitate the distinction between kinetic and
structural contributions to the a-relaxation process.

Results and Discussion
Collective particle motion in the supercooled liguid phase.
Information on the dynamics can be obtained from the inter-
mediate scattering function (ISF), f(Q,t), which describes the
temporal evolution of the density-density correlation function
normalized to the static structure factor. The long-time decay of
the ISF provides therefore a direct measurement of the a-
relaxation process at the probed length scale 2n/Q, with Q being
the investigated wave-vector. It can be obtained in an XPCS
measurement by the determination of the correlation function of
the intensity fluctuations, g(Q,t), generated by the scattering of
coherent X-rays from the sample, being g,(
In this expression, y is the experimental contrast®. In glass-for-
mers, g>(Q.t) can be described by the Kohlrausch-Williams-Watts
(KWW) function g,(Q,t) = 1+ c-exp[—Z(t/T)ﬁ] where ¢ = \("‘fq2 is
the product between the experimental contrast and the square of
the nonergodicity parameter, f;, of the system, T is the relaxation
time, and B the shape parameter»“ By definition, the shape
parameter describes the degree of nonexponentiality of the ISF,
which originates from the underlying distribution of relaxation
times, and it can therefore be considered as a measure of the
heterogeneous nature of the dynamics in the liquid phase.
Figure la, b show the temperature dependence of normalized
[gz(Q t)-1]/c functions measured at Qpspp =~ 2.8 A~1 correspond
ing to the position of the first sharp diffraction peak (FSDP) in
the static profile. For both compositions, the data have been
acquired in the supercooled liquid phase, cooling from about
(Tg+25) K, with T, (PtssCusNigsPy)=506K and T,
(Pdyz 5Cuy;Nig sP5;) =566 K for the applied cooling rate of
0.025K s~ 1. By decreasing the temperature by only =~ 20K, the
decay of the curves clearly shifts by about two orders of
magnitude towards longer times, indicating the rapid slow-down
of a-relaxation process when approaching the glass transition.
The corresponding relaxation times display a very similar
evolution with temperature in both compositions. This is shown
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in Fig. lc, d, where we report the mean relaxation time
(1(Q) = TRQ ™) EL, where T is the Gamma function’!. In

By
both systems, <t(Q,T) > can be described by the Vogel-Fulcher-
Tammann (VFT) equation with <t(Q,T) > = To-exp[(D*TO)/(T-
Ty)] using the parameters obtained by macroscopic studies such
as viscosity measurements, from Gross et al.'” for the Pt-alloy and
from new measurements (see Supplementary Fig. 2) for the Pd-
alloy. This means that the temperature dependence of the
microscopic relaxation times measured with XPCS agrees well
with that of the corresponding macroscopic viscosity data.

In contrast to <t(Q,T)>, the shape of the ISFs exhibits a
different evolution with temperature in the two liquids. In both
cases, the curves can be described by a stretched exponential
decay with a KWW parameter B(Q,T)<1, indicating the
heterogeneous nature of the dynamics in the viscous liquid phase
(Fig. le, f)’. However, for the Pd-liquid P(Qpspp,T) remains
constant at a value of = 0.55 within the probed temperature range,
whereas for the Pt-liquid, p(Qgspp,T) = 0.7 at high temperature
and then clearly decreases by about 20% of its initial value during
cooling. Similar temperature dependences of the KWW para-
meters have been observed also at length scales corresponding to
few interatomic distances (see Supplementary Fig. 3).

The rapid decrease of $(Q,T) on cooling in the Pt-based alloy
implies the failure of the time-temperature superposition
principle for this composition (see also Supplementary Fig. 4).
This result contrasts with previous XPCS studies of metallic glass
formers where P(T) has been found T-independent in all
measured supercooled liquids allowing to superpose all the
correlation curves in a single master curve’2->% Although the
relationship between macroscopic and microscopic dynamics is
not straightforward, also most metallic glasses show a
T-independent shape of the a-relaxation peak in mechanical
experiments. The shape of such peak is in agreement with a
KWW exponent of around 0.5°9-37. This means that the
satisfaction of the time-temperature-superposition (TTS)

principle is expected in many metallic glass-forming systems.
Further detailed studies on the dynamic relaxation processes in
metallic glasses can be found in literature3$-42,

Structural evolution in the supercooled liquid phase. The dif-
ferent temperature evolution of the dynamics in the two alloys can
be explained by looking at the temperature dependence of the
underlying structure. Figure 2 shows the temperature dependence
of the peak intensity (a), full width at half maximum (FWHM) (b)
and peak position (c) of the FSDP of the static structure factors
S(Q) measured in both compositions with HEXRD (the corre-
sponding diffraction spectra can be found in Supplementary Fig. 1,
5 and 6). All data are linearly fitted in the supercooled liquid state
and rescaled to the T, at the measured rate of 0.33 K s'1. While the
peak intensity displays a similar temperature dependence in both
alloys (Fig. 2a), the FWHM and the peak position exhibit a steeper
evolution with temperature in supercooled Pty 5Cus;NigsPy; (b)
and c)). Structural studies have shown that the FWHM of the
FSDP correlates well with the correlation length over which
the period of a repeated unit persists, underlining its connection to
the medium-range order in non-crystalline systems**. The more
pronounced temperature dependence of FWHMgspp of the Pt-
liquid (Fig. 2b) thus provides evidence of the presence of a more
pronounced reorganization of the MRO in the deeply undercooled
Pt-liquid compared to the Pd-based one. This effect is accom-
panied by a more rapid evolution of the peak position with tem-
perature (Fig. 2¢) in the Pty;sCuy;NigsP,; supercooled liquid,
confirming the presence of significant structural rearrangements
during cooling. A recent study has furthermore evidenced that the
slope of the increase in the liquid of the FWHM of the measured
alloys is proportional to the growth rate of the excess entropy?>.
This suggests that the evolution of the FWHM across Ty is con-
nected to the unfreezing of the glassy state and the reactivation of
thermal vibrations. Earlier work on the thermal evolution of
structure in a very similar Pd-Cu-Ni-P-based system can be found
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Fig. 2 Temperature dependence of the first sharp diffraction peak of
Pt42.5Cup;7Nig sP2q and Pds; sCup;Nig 5Py measured with synchrotron
X-ray diffraction. Peak intensity of the total structure factor S(Qrspp) (@),
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the first sharp diffraction peak as a function of temperature normalized by
the glass transition temperature T/T, for the Pt-based (black squares) and
Pd-based (red circles) alloys. All data are normalized to the respective
value of the glass transition. In all panels, k is the respective slope of a linear
fit of the data in the liquid state of the Pt/Pd-based alloys (above the glass
transition temperature Tp).

in various publications®!~16 with further works already pointing
towards the relation between structure and fragility*’.

The larger tendency to temperature induced structural
rearrangements at the MRO length scale in the Pt,, sCu,,Nig 5P,
liquid is likely responsible for the temperature evolution of the
KWW exponent describing the decay of the ISFs. At temperatures
(much) higher than those probed in this work, the system is likely
governed by diffusion with ISFs described by a single exponential
decay (ie, = 1) and 7~Q~2. During cooling in the supercooled
liquid phase, the viscosity increases (Supplementary Fig. 2), the
dynamics slows down, and (T) decreases due to the formation of
cages of atoms and the occurrence of dynamical heterogeneities.
The relatively large value of B~ 0.7 in the Pt-alloy at only 25K
above T,, suggests that the cages can already break easier at this
temperature leading to more homogeneous dynamics. During
cooling, the liquid experiences a rapid slowdown of the dynamics
which hinders the particle motion and cages break less frequently,

leading to an increased heterogeneity in the dynamics and thus to
a lower value of  in the Pt-alloy. The low constant value of the
shape parameter in the Pdy, s;Cuy;NigsP,, and the absence of
important structural reorganizations suggest instead that this
supercooled liquid is already in a dynamically highly hetero-
geneous, stable state. In the Pd-liquid, the transition from
diffusive dynamics by collective motion at high temperature to
activated collective dynamics in the supercooled liquid phase, if
present, probably occurs at temperatures much higher than those
measured in the current experiment. This is in agreement with
neutron studies in other Pd-based alloys which report non-
exponential decays of the ISFs even in the high-temperature
melt*8

Kinetic and structural fragility. For a better quantitative com-
parison of the relaxation behavior of both liquids, Fig. 3a shows a
fragility plot where we report the inverse temperature as a
function of the mean relaxation time <t(Qgspp) > . On the atomic
level, both systems exhibit similar kinetic fragilities, m, with
mp; = 53.1 +£2.6 and mpg = 55.3 + 3.2. Here, m is defined as the
logarithms slope of the kinetic variable X (e.g. viscosity/relaxation
time) at Ty via m = dlogX/d(T/T) | r— 4 %11 These values are in
good agreement with those obtamed from macroscopic
measurements'**%°0, using the relation m = 16 + 590/D which
gives mp, = 54.5 (D* = 153) and mpy = 57 (D" = 14.5)
(compare Supplementary Table 1). This is a further confirmation
of the agreement between the microscopic relaxation times and
independent macroscopic measurements as shown also by Fig. 1.

Despite their similar kinetic fragility, the evolution of the a-
relaxation process during cooling is not the same in the two
systems, as seen by the different values and temperature
dependencies of the KWW shape parameter. This difference
seems to disappear on approachmg T where both liquids reach a
similar degree of nonexponentiality of the ISF (Fig. 3b). A similar
behavior was observed in macroscopic measurements of ultra-
phosphate liquids with different sodium content, which display
different temperature evolutions of f(T) merging all to a value of
B(Ty = 0.5°1, We find that the rate of change of B(Qgspp,T) with
<t(Qpspp,T) >, ie., the slope dp/dlog(<t>), is about —0.08 for
the Pt-based alloy. This value is comparable with the steepest
slope observed for pure ultraphosphate (dp/dlog(<t>) ~
—0.06,°1) where it has been attributed to a high degree of
cooperativity in the 3D-network of PO, tetrahedra®!. In our case,
the steep evolution of B(T) appears to be related to the tendency
of the Pt-alloy to temperature induced structural rearrangements
on the length-scale of MRO!*(see Fig. 2). In amorphous metallic
systems, the MRO is in fact mainly associated to the FSDP which
is representative of structural rearrangements occurrmg on length
scales beyond r > 6 A32. The evolution of the 34 (r;) and 4th peak
(ry) of the reduced pair-distribution function G(r) provides
therefore another tool to gain insights into the structural changes
of the two liquids'®. Figure 3¢ shows the temperature dependence
of the relative change of the volume expansion AV, ; = 4/3n(r,’>-
r5’) of a shell between r; and r, with respect to the value at T,. As
it can be immediately deduced from Fig. 3c), the ratio AV,./
AV43(Tg) mirrors the behavior of P(Qgspp,T) suggesting a
correlation between changes on the MRO length scale and the
temperature evolution of the KWW parameter. Following Wei
et al.!% we can define a structural fragility, m,4.3, from the slope
of AVy3/AV,5(Ty) and we find myypqsp = 0.035£0.004 for
the Pty sCuy7NigsP,; and a basically temperature independent
Mgyrq 3,pa = 0.005 £ 0.006 for the Pdy; sCuysNigsP;. Both values
are in good agreement with those given in earlier works'>". In
the work of Wei et al. mg;4.3 was found to correlate to the kinetic
fragility of the liquid through the empirical expression m =
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inverted. b Corresponding Kohlrausch-Williams-Watts exponent
B(Qrspe,T) as a function of mean relaxation time <t(Qrspp) >. The dashed
lines are linear fits of the data on the logarithmic scale. ¢ Evolution of
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reduced pair distribution functionV43(T)/V4.5(T,) as a function of
normalized inverse temperature Ty/T, where T, is the glass transition
temperature durin, heating with a rate of 0.33 Ks~. A linear fit (full line in
respective color) of the data is used to calculate the structural fragility
parameter My, 3 of the liquid phase. Error bars indicate the standard error
due to fitting of the experimental data using the Levenberg Marquardt
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((Mgya s + 0.124)/2.95 x 10~3)15, While this relation is fulfilled
for the Pt-liquid being mp, = 53.9 £ 1.3 as well as numerous Zr-
based liquids, it fails for the Pd-based alloy as it gives mpy =
42.6 * 3.3, which is significantly lower than the measured value.
The failure of the proposed correlation for the Pd-based alloy, the
temperature-independent KWW stretching exponent (Fig. 3b))
and the weak temperature evolution on the MRO length-scale

(Fig. 2), support the idea of a smaller tendency to structural
rearrangements and thus of a rather strong structural behavior of
the Pd-based alloy at the probed length scales, in agreement with
the estimation obtained from the structural fragility. At this point
it should be noted that further support for the structural strong
behavior of the Pd-based liquid is provided by the behavior of the
specific isobaric heat capacity ¢,. During undercooling of the Pt-
liquid, a more rapid rise of ¢, can be observed compared to the
Pd-based liquid**»?%. This change of the liquid ¢, is connected to
the rate of the loss in the excess entropy, which itself is
proportional to the configurational entropy of the liquid!>21-53,
Within the framework of Adam and Gibbs*?, this behavior can be
seen as the thermal signature of a faster growth of cooperatively
rearranging regions in the Pt-liquid with ongoing undercooling.
Thus, it further confirms the larger tendency of the Pt-liquid to
structural changes indicated by the steep temperature dependence
of the FSDP (Fig. 2), the evolution of the degree of dynamical
heterogeneity P(Qrspp,T) (Fig. 3b)), and the fragile value of the
structural fragility (Fig. 3c)).

Wave-vector dependence of the dynamics. The different atomic
dynamics of the two alloys is even more evident by looking at the
wave-vector dependence of the relaxation time. As shown in
Fig. 4a, t©(Q) displays two maxima for the Pty;sCu,y;NigsPs,
liquid at Qpp = 2.05 A-1 and Qpspp = 2.8 A—1L. These values
correspond to the position of the maximum of a structural pre-
peak (Qpp) and of the main FSDP observed in the corresponding
static structure factor (dashed grey line). In contrast, T(Q) exhi-
bits only one maximum at Qpspp for Pdy; sCu,;Nig 5P51, agreeing
with the corresponding S(Q) (Fig. 4b). The increase of 7(Q) in
correspondence with the different underlying structural motifs
implies the existence of more stable configurations at the corre-
sponding length scales. While the maximum at Qgspp is typical of
glass formers, usually observed in high temperature liquids by
neutron scattering (de Gennes narrowing®>-°), the prominent
increase of T(Q) at Qpp in the Pty;sCu,;NigsP,; is more sur-
prising due to the very weak intensity of the pre-peak in the static
profile.

A similar evolution with Q is observed also for B(Q) in both
supercooled liquids (Fig. 4¢, d). For Pty; sCuy7Nig sP»;, however,
the maximum at the prepeak is broader and less pronounced
compared to that in ©(Q) (Fig. 4¢). The larger values of B(Q) in
the Pt-alloy at the positions of the of structural maxima suggest
more homogeneous dynamics at these length scales with respect
to neighboring Q values. To better understand the observed
behavior, we can distinguish two zones: the atomic scale, ie., in
the proximity of the FSDP for 2.5 A-1<Q<32 A-1; and the
intermediate regime at a length scale of few interatomic distances
for 1.5 A" 1<Q<25 A1

We first concentrate on the atomic scale. Besides the
experimental results reported for liquids at high temperature®>->°,
a similar evolution of the collective relaxation time with Q has
been observed also in numerical simulations of different glass
formers close to the glass transition like, for instance, supercooled
silica, water and hard spheres®—> where it has been described
within the mode coupling theory. It should be noted that while in
network glass formers B(Q) is found constant with Q, only in
hard spheres B(Q) correlates also with the intensity evolution of
the S(Q) and shows a maximum at the FSDP*%0 as in our data.
This suggests a stronger correlation between metallic glasses and
hard spheres systems®!,

In the intermediate regime, the presence of a second peak in
the relaxation time corresponds to an additional slow-down of
the collective motion in correspondence with the weak structural
pre-peak at a few interparticle distances. Similar behaviors on the
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MRO length scale have been reported only in few other glass
formers as silicates, ortho-terphenyl, polymeric systems and
[Ca(NO3),]o.4[KNO;]g 6 (CKN)®2-65 where it has been associated
to the underlying topological order. To the best of our knowledge,
this is the first experimental observation in a metallic liquid.
Furthermore, previous studies have been performed at much
higher temperatures, close to the melting, where the collective
motion is diffusive and t(Q) evolves continuously with Q2 at
low Q values.

In order to account for the influence of the shape parameter
on the observed relaxation times, Fig. 4e, f report the mean
relaxation time for both compositions. A slow-down of the
dynamics can be observed also in <t(Q) > for the Pt-based alloy.
Surprisingly, the dynamics at the pre-peak, Qpp, is even slower
than that at low Q values and at the FSDP, indicating the
pronounced temporal durability of the medium-range structural
features in this composition. Previous structural studies
suggested that the scattering contribution of the pre-peak arises
from Pt-Pt and Pt-Cu partial structure factors'S. The presence
of the pre-peak only in the Pt-based alloy shows that such
structural feature is of chemical and thus electronic nature,
rather than from a geometrical packing origin, as Pt and Pd can
be assumed topologically equal but differ in their electronic
structure. Thus, in this scenario, the slow-down of <t(Q) > at
Qpp in the Pt-based alloy would not be related to a preferential
fast diffusion path in a slow relaxing matrix as for silicate

6 COMMUNICATIONS PHYSICS | (2022)5:316 | https.//doi.

glasses or other non-metallic glass formers®*0%7, but would
originate from the presence of specific structural motifs that
stems from chemical effects. The mechanism is similar to that
of de Gennes narrowing at the FSDP usually observed in the
frequency domain in high-temperature liquids™, however, here
the origin would not be due to geometrical constrains, but
rather to strong chemical interactions which reduce the
mobility at the mesoscopic scale.

A similar slow-down of the atomic motion in correspondence
of a structural pre-peak has been reported for high-temperature
binary alloys®®. In such two-component systems, a full set of
partial structure factors can be experimentally determined, and
the presence of a pre-peak has been attributed to the
preferential formation of non-equal pairs (as for instance Pt-
Cu in our sample), which lead to an isolation of equal atoms
and result in a spatial arrangement that can be described as a
type of superstructure at the MRO length scale®®. Although the
same structural analysis cannot be done for the quaternary
alloys studied here, the structural motifs and the role of the
metal-metalloid interactions has been described by simulation
studies”’. The presence of different structural motifs in the two
alloys'8, in particular of trigonal prisms in the Pt-based system,
somehow leads to different connections between the atomic
clusters and to the formation of some favored and temporally
stable configurations on the length scales larger than the FSDP
in the Pt-alloy.

org/10.1038/542005-022-01099-4 | www.nature.com/commsphys
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Conclusion

In conclusion, our work scrutinizes the microscopic details con-
trolling the evolution of the a-relaxation in supercooled metallic
liquids in the vicinity of the glass transition. By comparing the
evolution of the a-relaxation process and the structure of two
similar supercooled liquids, we identify the different features
describing the liquid dynamics. Although the two selected com-
positions would appear as identical in topological structural
models'®, they present different structural motifs on the MRO
and SRO length scales'8, which influence their relaxation
dynamics. The kinetic fragility - described by the temperature
evolution of the microscopic relaxation time - is insensitive to the
composition and is similar for both alloys, in agreement with
macroscopic studies?®”!. In contrast, the two liquids have dif-
ferent structural fragilities which mirror the different temperature
dependence of the B(Qpspp,T) parameter describing the hetero-
geneous nature of the dynamics. This means that the temperature
evolution of dynamical heterogeneities in the supercooled liquid
phase reflects the different tendencies of the two liquids to
temperature-induced structural rearrangements at the MRO
length scale. In the case of the PdyssCuy;NigsPs; alloy, this
structure-dynamic relationship results in a relatively weak tem-
perature dependence of the structure and a constant value of
B(Qgpspp,T) in the probed temperature range. Differently, in the
Pt-based alloy, the presence of structural rearrangements leads to
a continuous evolution of the dynamical heterogeneities during
the cooling, as signaled by the increased non-exponential shape of
the decay of the density fluctuations on approaching T,. This
marked temperature dependence of B(Qgspp,T) in the Pt-based
melt leads to the failure of the time-temperature superposition
principle for the structural relaxation process (Supplementary
Fig. 4), which contrasts with the usual law of invariance observed
in previous studies on metallic glass formers at both
microscopic’*3* and macroscopic?>—377? scales. Interestingly,
despite the different evolution of the dynamics during cooling,
both alloys exhibit similar values of $(Q,T) at the glass transition
suggesting the existence of a common degree of heterogeneities in
metallic liquids at the dynamical arrest.

In addition, we also find that the wave-vector dependence of
the collective motion is influenced by the structure. In the
Pty 5Cus7NigsP>y liquid, both t(Q,T) and P(Q,T) exhibit an
unusual evolution with Q with two maxima, one at the position of
the FSDP, the signature of the well-known increased stability at
the interparticle distance, and an anomalous second one at the
mesoscopic scale in correspondence with a weak pre-peak in the
total structure factor. In contrast, only one maximum at Qggpp is
observed in the Pd-alloy. This different dependence of the
dynamics from the probed wave-vector is likely due to a more
pronounced MRO in the Pt- than in the Pd-liquid, similarly to
what was also reported in high-temperature binary alloys®. The
different MRO in the two systems is likely related to stronger
chemical and electronic interactions in the Pt-based alloy than in
the Pd-liquid, which also result in the presence of different
structural motifs at the level of the SRO. All together our results
shed light on the influence of the structure on the particle motion
and the different role played by kinetic and structural fragilities
during the vitrification process.

Materials and Methods

Materials. The master alloys of Pty; sCuz7NigsPs; and Pdss sCupyNig Py were
produced by melting the pure metallic components (purity >99.95 %) in an arc
melter furnace under a Ti-gettered Ar-atmosphere (purity > 99.999%). Afterwards
the elemental red P was alloyed inductively with the metallic components in a
fused-silica tube under Ar-atmosphere. To control the P-content we use a fused
silica tube in which the metals (arc-melted to a long “cigar”) are put on top of the
elemental red phosphorous (lump). Then an inductive coil is used to heat up the
metal from top to bottom to carefully start the exothermic reaction. Only small

amounts will not directly alloy with the hot metal in direct contact and evaporate.
The small part of the P that initially evaporates is absorbed directly from the hot
metal above it and cannot leave the reaction area. The result is an ingot with well-
defined P content. By weighing of the ingots after its alloying with phosphorous
and even assuming any loss in mass being attributed to P lost during the reaction,
we can assure the P content to be in the limits of a derivation of less than 0.5 at%
with this process.

The obtained alloy then underwent a fluxing treatment in dehydrated pure
B,O; for at least 6 h at 1473 K. This process was used to further purify the melt
from possible oxides and impurities and enhances the glass-forming ability of the
liquid even further’?. Ribbons were prepared via melt-spinning by inductive
melting of the master-alloy in a fused silica tube and injecting it onto a rotating
copper wheel under high-purity Ar atmosphere in a custom-built melt-spinning
device. The full amorphous nature of the sample has been confirmed by
transmission electron microscopy and high-energy synchrotron x-ray diffraction.

X-ray photon correlation spectroscopy (XPCS). To probe the microscopic
dynamics, X-ray photon correlation spectroscopy was performed at the Coherence
Applications Beamline P10 at PETRA 1II at the Deutsches Elektronen-Synchrotron
(DESY) in Hamburg during two different beamtimes of one week each. A partially
coherent beam of 3 x 2 um? (horizontal x vertical direction) at a photon energy of
8.2keV and a photon flux on the sample of around 4 x 101° photons s~! was used
on ribbons with a thickness of ~20 pm, mounted in a furnace under vacuum.
Speckle patterns were collected with an EIGER X4M detector 1.8 m downstream of
the sample at the end of a horizontally rotatable diffractometer arm, enabling
measurements at different wavevectors Q. The low Q limit was set at ~1.6 A=1 due
to the weak scattering intensity at small angles, while the maximum angle that was
reachable with the experimental setup was at 43°, corresponding to Q = 3.06 A~1,
limiting thus the resolution of the FSDP on the high-Q flank. The wave-vector
dependence of the dynamics was measured at different temperatures in the
supercooled liquid phase. The exposure time per frame was adjusted to the
observed timescales ranging from 0.1 s to 0.5 s. The overall measurement time was
also adjusted at each temperature and wavevector position assuring the observation
of a complete decorrelation of the signal, up to a maximum of ~10%s for the lowest
measured temperature. The detector covers an angle of approximately 3° which
corresponds to a AQ of about ~0.2 A=, By binning the area of the detector, we
could therefore probe up to 8 Qs simultaneously for each detector position.

Data were analyzed following the procedure reported by Chushkin et al.”%. For
each Q and temperature, we calculated the two times correlation function (TTCF)
at two different times, t; and ts:

<I(Q, 1) - 1(Q, t2)>l'

6@ 1:t:) = g 5, <@ 1),

(1)
where <...>, represents the average over all detector pixels corresponding to the
same Q-range.

Intensity auto correlation functions g,(Q,t) were calculated by averaging the
TTCEF over the whole measured temporal interval. The g,(Q.t) functions are
directly related to the intermediate scattering function, f{Q,1), through the Siegert

relation g,(Q, ) = 1 +y - | f(Q, t)\l with y being the experimental contrast. The
2,(Q.t) functions were modelled using a Kohlrausch-Williams-Watts (KWW)
function:

£ \AQD
£(Q.1,T) =1+ dQ, T)exp (—2 (—T(Q. T)) ) [¢)]

where t(Q,T) is the structural relaxation time, (Q,T) is the shape parameter and
c(Q,T) is the product of the experimental contrast y(Q,T) and the square of the
non-ergodicity factor £,(Q,T).

The samples were first equilibrated at about T+30K to remove their thermal
history, and then slowly cooled with 5K min~! to the measurement temperatures.
At each temperature, we waited about 10 min for temperature equilibration before
starting the data acquisition. The amorphous structure was checked during the
experiment and no signs of crystallization were observed, in agreement with the
time-temperature-transformation diagrams reported in literature®7>, The
temperature calibration of the furnace was checked by crystallizing additional
samples and comparing the crystallization temperature T, of the Pty sCuy;Nig sP3;
and Pd,, sCu,;Nig sP,; samples at a constant heating rate of 5 K min~! obtained in
differential scanning calorimetry (DSC).

For the solute-rich metallic liquid Pty; sCu,;Nig sP;, the main contributions to
the pre-peak originate from the Pt-Pt and Pt-Cu partial structure factors, which,
due to their high form factor, dominate the overall structure factor $(Q), while the
signal of the Pd-based alloy is dominated by the Pd-Pd and Pd-Cu correlations
(see Supplementary Information of Gross et al.'* for further details).

During the XPCS experiments, we have particularly paid attention to
crystallization effects. Thanks to the measurement of second-order correlation
functions, such as the density-density correlation function, XPCS has a larger
sensitivity to crystallization than any structural technique based on the detection of
a static observable’®. The presence of fluctuating crystalline contributions would
dramatically alter the shape of the correlation functions, while the presence of static
contributions due to nanocrystals in the XPCS spectra would lead to an increase in
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the baseline of the correlation functions, which has not been observed during the
whole experiment.

Furthermore, the presence of nanocrystals in the as-cast sample would lead to
stronger fringes of interference and zones of higher intensity in the speckle patterns
recorded by the 4 Mpixel EIGER detector. During an atomic scale XPC$
experiment on metallic glasses, the photon counting detector measures the weak
scattered intensity, mainly originating from single photon events. Any stronger
scattering event, as it would be occurring in the presence of nanocrystals would
therefore be visible immediately, much in advance of being detected in a standard
synchrotron XRD experiment with incoherent radiation.

The data reported in this work have been measured in two years during three
different official XPCS beamtimes of 1 full week each, in European synchrotrons
(DESY and ESRF).

High energy synchrotron X-ray scattering (HE-XRD). In-situ X-ray scattering
experiments have been performed at the beamline P02.1 at PETRA III at the
Deutsches Elektronen Synchrotron (DESY) in Hamburg’’. For the measurements
in transmission mode a wavelength of 0.207 A (60 keV) and a beam size of

0.8 x 0.8 mm? was used. The samples were attached on a solid Ag-block of a
THMS-600 LINKAM furnace using a Cu-paste and heated at a rate of 0.33 Ks~!
under a constant flow of high purity Ar (Ar 6.0). Prior to the measurements the
samples were heated at 0.33 K s~1 to the supercooled liquid state (Tyena + 10K)
and subsequently cooled from this point at the same rate of 0.33 Ks~!. For the
acquisition of the intensity patterns a Perkin Elmer XRD1621 CsI bonded amor-
phous silicon detector (2048 pixels x 2048 pixels) was used. The integration of the
dark-subtracted, two-dimensional X-ray diffraction patterns was performed with
the Fit2D data analysis software’®. Further processing of the intensity data was
realized with the PDFgetX2 software’”. The background scattering was assumed to
be constant with temperature and mainly originating from the setup. It was
measured at room temperature and was subtracted from the integrated intensity
data. For the corrections of the raw data, sample absorption, polarization and
mlilhiple scattering were considered. The total structure factor S(Q) was calculated
as80

1(Q) = (f(@QF)
(f@y’
where I-(Q) is the coherently scattered intensity and f(Q) is the atomic form factor.

The angle brackets denote a compositional average over all constituents. S(Q)

contains all the g;ruclural information and is composed of n(n+1)/2 partial
structure factors®!,

Q=1+ : 3)

S(Q) = -5.(Q),
(Q) EJ w;S;(Q) (4)
where wj; is the weighting factor expressed as
ciof (Q)f (Q)
wy = L )
(f@)
where ¢; and ; are the molar concentration of element i and j.
The Fourier transform of the total structure factor yields the reduced pair
distribution function,
2 foe P
Glr) = —f QIS(Q) — 1]sin(Qr)dQ, (6)
mJ o

where r is the distance to the reference atom. Each G(r) pattern was optimized
using an optimization algorithm in PDFgetX2 as described by Wei et al.*2. An
upper limit of Q = 14.5 A~ was used here for the transformation. This Qax
ensures a successful evaluation of the data in real-space without the loss of
significant structural details, as already observed by Ma et al. for even lower Q.-
values™,

Thermomechanical analysis. To determine the kinetic fragility on a macroscopic
experiment three-point beam bending (3PBB) was performed using a NETZSCH
TMA 402 F3 thermomechanical analyzer under a static loading force of 10N. The
beams were cut out of fully X-ray-amorphous plates with the dimensions of 1.5 x
13 x 40 mm. For a good signal-to-noise ratio the thickness of the beams was varied
from 0.4 to 1.5 mm. The viscosity n can be derived from the deflection rate (t),
applying the equation®?

3
n=-52 [M+

pAL
1441u !

5 (7)

with the applied load M and density p combined with the geometric information of
the sample (cross-sectional area of the beam A, cross-sectional moment of inertia I
and distance between the supporting edges of the machine L).

Isothermal measurements between 533 K and 573 K, as well as measurements
with a constant heating rate of g, = 0.333 Ks—! were carried out. During the
isothermal measurements the same heating rate of 0.333 Ks™! was applied to reach
the desired isothermal plateau temperature. A more detailed description of the
technique and calculations to obtain the viscosity from the deflection rate can be
found in literature!*”!.

The evolution of the equilibrium viscosities over temperature can be described

with the empirical Vogel-Fulcher-Tammann (VFT) equation'!
D*-T,
e ) 8
W(T) =1, EXP(T — To)’ (8)

with D" being the fragility parameter and T, being the VFT temperature, where
viscosity would be diverging. The parameter n, corresponds to the lowest possible
viscosity in the high-temperature liquid state.

The datasets generated during and/or analyzed during the current study are
available from the corresponding authors on reasonable request.
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=N Effect of composition and thermal
history on deformation behavior
and cluster connections in model
bulk metallic glasses

Nico Neuber5*!, Maryam Sadeghilaridjani**, Nandita Ghodki?, Oliver Gross'?,
Bastian Adam?, Lucas Ruschel, Maximilian Frey', Saideep Muskeri?, Malte Blankenburg®,
Isabella Gallino?, Ralf Busch® & Sundeep Mukherjee?™

The compositional dependence and influence of relaxation state on the deformation behavior of a
Pt-Pd-based bulk metallic glasses model system was investigated, where platinum is systematically
replaced by topologically equivalent palladium atoms. The hardness and modulus increased with
rising Pd content as well as by annealing below the glass transition temperature. Decreasing strain-
rate sensitivity and increasing serration length are observed in nano indentation with increase in Pd
content as well as thermal relaxation. Micro-pillar compression for alloys with different Pt/Pd ratios
validated the greater tendency for shear localization and brittle behavior of the Pd-rich alloys. Based
on total scattering experiments with synchrotron X-ray radiation, a correlation between the increase
in stiffer 3-atom cluster connections and reduction in strain-rate sensitivity, as a measure of ductility,
with Pd content and thermal history is suggested.

Bulk metallic glasses (BMGs) are a relatively new class of metallic materials which have attracted considerable
attention in structural applications over the past decades due to their outstanding mechanical properties such
as high strength, large elastic limit, excellent irradiation, wear, and corrosion resistance in the glassy state and
thermoplastic forming ability in the supercooled liquid state'~*. However, limited plasticity at room temperature
in bulk form has restricted their widespread use’*. Without dislocations and grain boundaries, BMGs show
completely different deformation mechanism compared to conventional crystalline alloys’. Plastic deformation
in metallic glasses tends to occur in the form of highly localized shear bands, which, depending on the mode
of loading, may result in catastrophic failure®”. Several different approaches have been introduced to enhance
the plasticity of BMGs through altering of their chemistry and processing conditions such as ex-situ and in-
situ fabrication of BMG matrix composites (BMGMCs)'?, metal coating confinement'!, heat treatment'?, jon
radiation'?, and increase in Poisson’s ratio'*. These studies aimed to control and manipulate the processes of
shear-band nucleation and propagation. Cold rolling at room temperature has been utilized to increase the
intrinsic plasticity of BMGs by introducing microstructural inhomogeneities, leading to nucleation and branching
of shear bands upon deformation'”. Ti-based BMG composites with volume fraction of the glassy phase in the
range of 20-70% exhibited ~ 5% tensile ductility, which is comparable to conventional polycrystalline titanium
alloys'”. In another study, the plasticity of Zr-based BMGs was improved with the addition of quasicrystals in
the glassy matrix'®. In case of NdgyAl,(Ni;yCu,o_Fe, BMGs, compositional adjustments with the addition of Fe
changed the deformation behavior from inhomogeneous to homogeneous plastic flow'’. The effect of strain
rate and temperature on deformation behavior of various BMGs has also been reported'*-**. However, there are
few studies on systematic series of interrelated glass-forming alloys™ and limited understanding on the effect of
chemistry and local atomic structure on deformation behavior of BMGs. This is critical in the rational design of
new classes of BMGs with superior mechanical properties.

Glass formation is often limited to a narrow region in compositional space for metallic systems®. In the case
of Pd-P- and Pt-P-based liquids, the high glass-forming ability (GFA)™, similarity of phase diagrams*”-*%, and
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Germany. *These authors contributed equally: Nico Neuber and Maryam Sadeghilaridjani. *email: nico.neuber@
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Figure 1. Nano-indentation load-depth plots for Pt,, s Pd,Cu,;Nis sP,, bulk metallic glasses as a function of Pd
content (i.e., x=0,7.5, 20, 22.5, 35, 42.5); (a) in the as-cast state of a 5 mm rod and (b) after isothermal annealing
at T,-50 K for 24 h; The insets in parts (a) and (b) show the zoomed in view of the loading curves; (c) and (d)
show serrated behavior for Pd,; ;Cu,;Nigy sP,; (x=42.5) with large displacement bursts (pop-ins) and relatively
smooth curve for Pt,, ;Cu,;NigsP,, (x=0) in the as-cast and annealed states.

topological equivalency of Pt and Pd***° make them model alloys for obtaining a systematic series of interrelated

alloys. This idea is further supported by their similar temperature dependence of equilibrium viscosity (fragility)
in the deeply supercooled liquid state’’**. However, their GFA varies by a factor of four’* and they have sig-
nificantly different entropies of fusion, AS¢"***"*, The larger AS;and more rapidly ascending heat capacity upon
cooling for the Pt-P-based liquids stand out from those of the Pd-P-based liquids, indicating different atomic
ordering processes upon undercooling®**. The high GFA of Pd-P-based liquids originates from an extremely
low driving force for crystallization, whereas the Pt-P-based liquids are stabilized by a high interfacial energy
between the liquid and the crystal***, which points to unique structural differences between the two systems.
Here, the influence of compositionally and thermally induced change in the distribution of dominant poly-
hedra and the associated variation in connection schemes in Pt-Pd-based BMGs on their deformation behavior
is evaluated. Nanoindentation and micro-pillar compression are used for the mechanical characterization™**°,
With gradual replacement of Pt by Pd, significant changes are noted in hardness and modulus, strain rate sen-
sitivity, shear transformation zone volume, and serrated flow behavior. The evolution in mechanical properties
is discussed in terms of their internal structure differences. Embrittlement effects, resembling those induced by
changes in composition, are observed by annealing below the glass transition temperature (T). Further, synchro-
tron studies reveal that changes in mechanical properties are mirrored by the structural signatures in terms of the
varying connection schemes, providing valuable insights into structure-property correlations in metallic glasses.

Results

Serration behavior, hardness, and modulus. Figure la) and b) show the representative nano-inden-
tation load-depth curves for Pty, s Pd,Cu,;NigsP,) amorphous alloys as a function of Pd-content (x=0-42.5)
in the as-cast and annealed states. The reduction in indentation depth h with increase in Pd content for both,
the as-cast and annealed states (insets of Fig. 1a, b), suggests a rise in hardness value with increase in Pd con-
tent. Also, the degree of serrations, which is associated with shear strain accommodation'”**=*, increases with
Pd content as shown in the zoomed in regions of the loading curves in Figs. Ic, d. The loading curve appears
relatively smooth for the Pd-free alloy in contrast to large displacement bursts or “pop-ins” seen for the Pd-rich
BMGs*’, Comparably, a decrease of serrated flow was reported in a prior study with increase in Fe content for
NdgeAlNi; ¢Cuy_Fe, BMGs'.

For quantitative analysis, the average serration length and serration frequency were calculated from the
load-displacement curves. Figure 2a, b show the distribution of displacement bursts in the loading curves for
Pty, 5_,Pd,Cu,,Ni; sP,; amorphous alloys as a function of Pd content from 0 to 42.5 at. % in the (a) as-cast and (b)
annealed state. The spread of the minimum and maximum serration length broadens with increase in Pd content.
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Figure 2. (a) and (b) Distribution of serration lengths for Pt,, 5 Pd,Cuy,Nig ;P,; bulk metallic glasses as a
function of Pd content (i.e., x=0, 7.5, 20, 22.5, 35, 42.5) in as-cast and annealed states; (c) average serration
length and serration frequency, (d) plasticity ratio, (e) hardness and glass transition temperature, and (f)
reduced modulus for Pt,, 5_ Pd,Cu,;Nig sP,, amorphous alloys as a function of Pd content from 0 to 42.5 at.% in
the as-cast and annealed state (T,-50 K for 24 h). An increase in magnitude and frequency of serration as well as
hardness and modulus with increasing Pd content is seen. Annealing of the samples leads to similar increase in
hardness and modulus.

Compared to the as-cast state, the annealed samples show a slightly broader distribution in serration length over
the whole compositional range. Figure 2c shows the average serration length of both states summarized together
with the number of serrations as a function of Pd content. For the as-cast state, the average serration length
increases from 2.5 to 5 nm and the number of serrations increases from 5 to 15 over the load range studied with
increase in Pd content from 0 to 42.5 at.%. Annealing of the samples did not lead to a significant change in average
serration length or the number of serrations for all the compositions. The discrete plasticity ratio, /g reie/ Fpiastic
is depicted in Fig. 2d), showing a similar trend as the number of serrations with change in composition. This
parameter helps in determining the contribution of serrated flow on the total plastic deformation. It was esti-
mated from the sum of each individual pop-in (hgiscrete = Zhpop.in) divided by the residual indentation depth after
releasing the load (h,,,;.). The discrete plasticity ratio continuously increased with addition of Pd from 0.115 to
0.246 for the as-cast samples and from 0.119 to 0.335 for the annealed samples. In summary, annealing and Pd
addition led to higher discrete plasticity ratio and decreased residual indentation depth.

The hardness (H) and reduced modulus (E) determined from load-depth curves are shown in Fig. 2e, f, respec-
tively. The average hardness increased from ~ 5.9 GPa for Pt,; sPd, (x=0) to ~ 6.5 GPa for Pt,Pd,, 5, following
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Figure 3. (a) Strain rate sensitivity, m, as a function of Pd content for the as-cast and annealed state obtained
from linear fitting of hardness versus logarithm of strain rate (shown in Supplementary Information Fig. S1); (b)
STZ volume versus Pd concentration for as-cast and annealed state, showing the lowest STZ volume for Pt,, ;Pd,
alloy supporting its more homogeneous plastic flow.

the same trend as the glass transition, which is also plotted on the right axis of Fig. 2e). Annealing led to a slight
increase in hardness, which may be attributed to the reduction in free volume and denser packing. Increase in
modulus with higher Pd content and with annealing was observed indicating higher stiffness for alloys with
higher Pd content as well as after thermal annealing that leads to relaxation. With decreasing free volume or
increasing ordering, the average inter-atomic distance decreases, resulting in increased material stiffness or
elastic modulus*®.

Strain Rate Sensitivity and Shear Transformation Zone Volume. For all the examined
Pt,, s ,Pd,Cu,,Niy sP,; amorphous alloys, hardening was observed with increasing applied strain rate, described
by a positive strain-rate sensitivity (SRS). The hardness values as a function of strain rate at a depth of 1000 nm
for the Pt,, 5 ,Pd,Cu,,Nig sP,; amorphous ailoys are shown in Suppiementary information Fig. S1 on a doubie
logarithmic scale. The strain rate sensitivity, m, was calculated from the slope of linear fitting *' (see SI Fig. S1)
and is reported in Fig. 3a) as a function of Pd content. Similar positive SRS in the range of 0.006-0.036 has been
reported for various bulk metallic glasses®**-*! and may be attributed to the delay in shear band activation with
increasing strain rate. A higher value of SRS indicates greater resistance to localized plastic deformation and is
therefore associated with more ductile deformation behavior*”. The Pt,, ;Pd, alloy showed almost an order of
magnitude larger m value in comparison to the Pt,Pd,; 5 alloy™. This is in line with the smooth load-depth curves
for the Pt-rich glasses in contrast to more serrated behavior seen for the Pd-rich glasses (Figs. 1 and 2).

Structural relaxation due to thermal annealing led to a decrease in SRS for the entire compositional spread.
However, hardness for the Pd-rich glasses was fairly insensitive to shear rate, while a significant drop in SRS
of ~ 509 between the annealed and as-cast state was observed for the Pt-rich glasses. Comparing the effect of Pd
addition and annealing and using SRS as a measure of ductility, the 24 h annealing at T,-50 K for the Pt,; sPd,
glass had a similar effect as substitution of ~ 50% of Pt by Pd.

During plastic deformation of a metallic glass, clusters of atoms undergo cooperative shear displacement in
response to external applied stress, accommodating the plastic strain over a region known as shear transfor-
mation zone (STZ). A shear band is nucleated from the local accumulation of STZs and STZ volume provides
estimation of the number of atoms involved in shear transformation in a metallic glass™. STZ volume for all the
Pt,, 5 ,Pd,Cu,;Nig sP,; BMGs was calculated based on Johnson-Samwer cooperative shearing model (CSM)?!
and shown in Fig. 3b) for the as-cast and annealed state. The STZ volume of the as-cast BMGs varies from ~ 2.5
to~18 nm?, increasing with Pd concentration. The smaller STZ volume for Pt,, ;Pd, enables the activation of
greater number of flow units, leading to the nucleation of more shear bands and promoting more ductile behavior
in contrast to Pt,Pd,, ; with its large STZ volume®*, Similarly, larger STZ volume is seen for the annealed alloys in
the range of 6 nm® to 23 nm®. Addition of Pd and thermal annealing showed similar effect in terms of increasing
STZ volume, with the effect of annealing being more significant on the Pd-rich side of the composition spread.

Stress-strain and deformation behavior. Engineering stress-strain response obtained from micro-pil-
lar compression for Pty, 5, Pd,Cu,Nig 5P, (x=0, 20, and 42.5) alloys are shown in Fig. 4a—c. Stresses and strains
were calculated with consideration of taper correction. At least three micro-pillars were tested for each alloy as
shown. The experiments were stopped at a strain of ~ 10% to examine the post-deformation morphologies of the
micropillars. For all three alloys, the stress initially increases linearly with strain followed by numerous serra-
tions or stress drops. The stress drops were elastic-like with the slope of the straight portion in between the drops
approximately equal to the slope of the initial elastic deformation. Elastic unloading before the elastic reloading
process was due to the readjustment of the indenter position to ensure steady displacement rate. The average value
of yield strength was determined from the stress at the first serration to be ~ 0.95 GPa, ~ 1.05 GPa, and ~ 1.25 GPa
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Figure 4. Engineering stress—strain curves for: (a) Pt sPdy, (b) Pty;5Pd,, and (c) PtyPd,, 5 alloys in the as-cast
state. Three pillars were tested for each alloy as shown. The insets show zoomed-in view of the serrations for
each alloy; (d) Average value of the magnitude of stress-drop and stored elastic energy as a function of Pd
content showing larger stress drop with higher elastic energy released for alloys with higher Pd content.

for Pty,sPd,, Pty, sPd,), and Pt Pd,, 5 alloys, respectively. The stress drops in stress-strain curves for all alloys
were attributed to the nucleation and propagation of shear bands™. The amplitude of stress drops increased
while its frequency decreased with increase in Pd content. In the insets of Fig. 4a-c, representative engineering
stress—strain curves are shown to highlight the flow serrations while excluding the initial elastic loading segment
(~2%). The size of stress drops (Ac) was measured from the stress—strain curves and the average value for each
alloy is shown in Fig. 4d. The average magnitude of stress drop measured for Pt,, Pd, (~ 130 MPa) was ~ 7% and
35% lower in comparison to stress drops in Pty, sPd,, (~ 140 MPa) and Pt)Pd,, 5 (~200 MPa), respectively. The
magnitude of stress drop is an indirect measure of the tendency of the alloy towards stable or unstable shear band
propagation. A smaller stress drop indicates relatively more stable deformation process”, in agreement with the
observed homogeneous deformation behavior of Pt, ;Pd, in nano-indentation experiments. In previous studies,
brittle-natured Mg- and Au-based BMG micropillars exhibited smaller numbers of strain bursts during micro-
compression in contrast to numerous strain bursts for ductile Zr-based BMG micropillars®. Individual serration
events correspond to the accumulation and release of elastic energy in order to bypass the energy barrier for
shear band formation®”. The stored/released elastic energy within a single stress drop is calculated as®’:

1 d\?
AE = -Acg,mt| = | h
2 2

where d and h are the diameter and height of the pillar (h=2d) and &, is the elastic strain. The area of the shear
plane A may be calculated as A =7t[d/(2sin6)]?, where 6 is the angle between shear plane and the loading axis. The
elastic energy release for each shear plane is measured according to AE/A =¢,Aodsin®0 and shown in Fig. 4d for
the studied bulk metallic glasses. The stored elastic energy increased with increase in Pd content. More energy
released during the stress drops may increase the local temperature leading to quicker shear band sliding and
more localized deformation’. Further, the larger standard deviation in stored elastic energy, depicted by the larger
separation between the solid lines in Fig. 4d, indicates more heterogeneous distribution of stored elastic energy
in the Pd-rich alloys. In-situ SEM images of the micro-pillars at the strains of 0%, 5%, and 10% are shown in
Fig. 5 al-a3, bl-b3, c1-5¢3 for Pt,, :Pd,, Pt,, sPd,, and Pt,Pd,, ; BMGs, respectively. Figure 5a4, b4, c4 show the
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Post-compression

Figure 5. In-situ SEM image at strain of 0%, 5%, and 10% for micro-pillars of (al-a3) Pt,, ;Pd,, (b1-b3)
Pt,, :Pd,,, and (c1-¢3) Pt,Pd,, - amorphous alloys; post compression SEM images for (a4) Pt,, ;Pd,, (b4)
Pt,, sPd,, and (c4) Pt,Pd,;, ; alloys indicating multiple shear band formation for Pt,, ;Pd, in contrast to one
major shear band for Pt,Pd,, ; alloy.

post-compression images for Pt,, ;Pdy, Pt,, ;Pd,, and Pt)Pd,, ; alloys, respectively. Multiple intersecting shear
bands are seen for Pty, ;Pd, micro-pillars during compression test (Fig. 5al1-a4) and pronounced interaction
of the shear bands indicates more homogeneous plastic deformation for Pt,, ;Pd,. The density of shear bands
decreased for Pt,, ;Pd,, (Fig. 5b1-b4) and the micro-pillars for Pt,Pd,, ; alloy failed primarily by a single major
shear band (Fig. 5c1-c4), indicating highly localized deformation. Activation of multiple shear bands promotes
plasticity accommodation in case of Pt, ;Pd,, resulting in overall higher ductility as compared to the Pd-rich
alloys. Higher fractions of more closely spaced shear bands lead to greater plasticity in amorphous alloys as plastic
flow may begin easily on preexisting shear bands leading to larger distribution of shear rather than catastrophic
failure™. Also, the presence of more shear bands helps in dissipating the energy of primary shear bands during
plastic deformation®’. The number of serrations seen in the stress—strain curves in Fig. 5 is significantly higher
compared to the number of observed shear bands in the SEM images of the micro-pillars, which may be attrib-
uted to the formation and propagation of new shear bands as well as the interaction, pinning, and reactivation
of the preexisting ones®.

High energy X-ray diffraction. Synchrotron diffraction experiments were performed for the annealed
(T,-50 K for 24 h) and as-cast samples (5 mm rods) and the reduced pair-distribution function (PDF) for six
chosen alloys are shown in Fig. 6a. The differences in structure with changing Pt/Pd content become evident
similar to previous report’. The main difference is in the 2nd peak of G(r), which describes the 2nd coordina-
tion shell and provides information about the interconnectivity of clusters, namely how many atoms are shared
by adjacent clusters®. Detailed justification on the structural differences as a function of Pd content that can be
derived from diffraction data is discussed in prior work®. An enlarged view of this region is shown in Fig. 6b.
The distances referring of the different cluster connection schemes are highlighted by vertical lines in the plot,
marking the distances, where adjacent clusters share one (2 r;), two W2 1), three (/8/3 r,) or four atoms /3
r;) *. The width of the lines is used to account for the slight shift of r, with composition. With increasing Pd-
content, a peak at~4.5 A evolves, which is related to the 3-atom connection (meaning that adjacent clusters
share 3 atoms), while the shoulder at 5.3 A decreases.

Due to the small changes, a differential plot is used to compare the as-cast with the annealed state as shown in
Fig. 6¢. In the differential plot of Fig. 6¢, the PDFs of the annealed samples (dashed lines) are more pronounced
at the length scale corresponding to 3-atom connections. Further, annealing leads to a decrease in intensity of
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Figure 6. (a) The reduced pair distribution function G(r) for Pt,, s Pd,Cu,,Ni, :P,; BMGs, where x=0, 7.5, 20,
22.5,35, and 42.5 at 298 K in the as-cast state (full lines) and after annealing for 24 h at T,-50 K (dashed lines).
(b) Magnified view of the box in a), featuring the second peak of G(r) for all alloys in annealed and as-cast state.
The second peak of G(r) corresponds to the second nearest neighbor distances, therefore bearing information of
the cluster connection schemes. (c) Difference in the recuiuced pair distribution function between annealed and
as-cast state. A large change on the length scale of 4.55 A is seen, corresponding to a distance of /8/3 r, The
vertical lines in (b) and (c) represent the most likely second nearest neighbor distances if adjacent clusters share
one (2 r,), two (v/2 1,), three (,/8/3 r,) or four atoms (+/3 r,).

G(r) corresponding to the length scale of 4-atom connections, while the intensities on the spatial length of 2- and
1-atom connections remain rather unchanged.

Discussion

Changes in composition by the gradual replacement of Pt with Pd atoms as well as thermal history showed a sig-
nificant effect on the deformation behavior of Pt,, 5, Pd, Cu;,Ni ;P,; bulk metallic glasses. For the Pt-rich alloys,
relatively more ductile behavior was observed, characterized by smoother load-depth curves in nanoindentation
(Fig. 1), high value of SRS (Fig. 3), and multiple intersecting shear bands formed in micro-pillar compression tests
(Fig. 5). In contrast, the Pd-rich alloys showed more brittle characteristics. Amorphous alloys in which plastic
flow is driven by the activation of a small number of large shear bands show large values of hyccete/ Hpiastic ™’ This
suggests that Pd addition influences the nucleation and propagation of shear bands. Further, higher numbers of
large displacement bursts (or pop-ins) for the alloys with higher Pd content correspond to greater shear displace-
ment within the shear band and more localized deformation behavior™®! Annealing led to pronounced increase
in the discrete plasticity ratio (Fig. 2d) as well as the magnitude of displacement bursts for each alloy (Fig. 2b).

Scientific Reports |

(2022) 12:17133 | https://doi.org/10.1038/s41598-022-20938-6 nature portfolio



Publication III

143

www.nature.com/scientificreports/

Relatively more ductile behavior of the Pt-rich alloys results from easier nucleation of smaller STZs, leading to
more homogeneous plastic flow. Alloys with higher Pd content were characterized by lower strain rate sensitivity
and higher STZ volume, indicating a propensity for brittle deformation.

A greater tendency towards cooling rate dependent embrittlement was previously described within the
framework of critical fictive temperature for Pd,;Cu,;Ni, P, BMG in comparison to Pts; sCuy, ;Nis ;P,, s BMG™.
However, a systematic study on the role of Pt and Pd is lacking. The current work provides quantitative assess-
ment of the change in deformation behavior with the substitution of Pt by Pd for a set of alloys with the same
stoichiometry.

Previous high energy synchrotron diffraction experiments suggested the presence of different dominant
atomic clusters, trigonal prisms and icosahedrons, together with changing connection schemes and ratios within
these clusters as a function of Pt and Pd content”. Simulations of Ding et al. showed that the different connec-
tion schemes respond differently to external strains, which can ultimately have a large effect on the mechanical
behavior of the glass, when they rearrange with changes in composition or thermal history. Based on these
simulations, 3-atom connections (face sharing), whose signature in G(r) increases with Pd content, are the
only connecting scheme that leads to a smaller local elastic strain compared to the macroscopic deformation.
In contrast, 1-atom connections (vertex sharing) show local elastic deformations similar to the macroscopic
deformation, while 2-atom (edge sharing) and 4-atom connections (squashed tetrahedra sharing) show higher
local elastic strain compared to the macroscopic strain. Ultimately this means that the face sharing 3-atom con-
nections tend to form a relatively stiffer structure and can therefore, be associated with more brittle deformation
behavior®. This supports the current experimental observations of brittle deformation behavior with increasing
Pd-content, characterized by small strain rate sensitivity, more serrated flow, and more localized deformation®.

For a more quantitative analysis the structural features, namely the significance of 3-atom connection schemes
of a specific composition in the series of interrelated alloys is correlated with its mechanical behavior in terms of
SRS, with a high SRS indicative of more ductile behavior. Hence, the change in SRS with Pd content is directly
compared with the value of PDF for 3-atom connections G(r=+/8/3 1,), used to quantify the significance of
3-atom connections. The distribution of the connecting schemes may be described by a Gaussian function®.
As aresult, changes in intensity of G(r=1/8/3 r,) may also be caused by broadening of the neighboring 2-atom
and 4-atom connections. For this parameter to be significant, we assume no significant changes in the width of
Gaussian distribution of each connecting scheme. Figure 7a shows a consistent decrease of SRS (m) with rising
G(r=+/8/3 r,). The increasing number of 3-atom connections with increasing Pd content may be attributed to
a change in the dominant structural motifs occurring in the Pt-rich (trigonal prisms) and Pd-rich (icosahedra)
subsystems. Even though, Pt and Pd are considered topologically equivalent in structural models, the differ-
ences in their electronic configurations (Pt: ([Xe]4f'*5d°6s) and Pd: ([Kr]4d'?)) as well as minor changes in their
enthalpy of mixing with Ni (Pd-Ni 0 k], Pt-Ni-5 k] (at equiatomic composition) might cause these changes in
cluster distribution. Ultimately, this difference in chemistry of the topologically similar Pt and Pd atoms might
lead to the different topology of the clusters and consequently their interconnection®. To further support our
interpretation of increasing 3-atom connection with increasing Pd content and therefore increasing number of
icosahedra, while decreasing the number of trigonal prisms one has to consider the geometry of these structural
units. A perfect icosahedron has 20 triangular faces, which can be shared by adjacent clusters. Although, this may
not be the exclusive connection scheme present in Pd-rich systems, the large number of triangular faces may lead
to dominance of 3-atom connections. It has been suggested by Gaskell that trigonal prisms often connect via two
atoms and 4 atoms, whereas 3-atom connections get less probable®”. Ultimately, the replacement of Pd atoms by Pt
atoms will lead to a change in the ratio between icosahedra and trigonal prisms and therefore alter the distribu-
tion of the connection schemes. These changes in the distribution of cluster connections are visible in the second
peak of the reduced pair distribution function (Fig. 6). In summary, with increasing Pt content, the fraction of
3-atom connection decreases and the other connection schemes gain importance, which is a consequence of the
reduction of the icosahedral SRO. A more detailed justification and discussion of the structural changes with
Pt/Pd content is provided in our earlier work™ as well as its respective Peer Review File®. Figure 7b is showing
the correlation between SRS and the frequency of finding an atom at the distance of the 3-atom connections
G(r=4/8/3 1) (R?equal to 0.99), clearly supports our working hypothesis of an increasing icosahedral SRO with
increasing Pd-content resulting in a macroscopically and microscopically more brittle mechanical behavior.

To quantify the structural changes from annealing, the difference in reduced PDF on the length scale of
3-atom connections, G(,/8/3 r,), is determined as function of Pd-content (Fig. 8). To account for the scaling of
the different atomic form factors with composition, the changes are calculated with respect to their as-cast refer-
ence value G(+/8/3 1)), leading to a relative change, G(+/8/3 1) etative = [ G(+v/8/3 11);a— G(v/8/3 1), J/G({/8/3
rl)ac‘

The change in SRS (Am) after the annealing (left axis) is shown relative to the change in reduced PDF (right
axis) in Fig. 8a, both showing a similar trend with variation in Pd-content. For the initially ductile Pt-rich glasses,
annealing leads to the highest relative increase in the intensity of G(r) at the length scale of 3-atom connections
accompanied by the largest change in SRS. This indicates that the largest drop in ductility is mirrored by the
largest relative change in the probability of atoms being located at the length scale, geometrically predicted, for
3-atom connections. Vice versa, the Pd-rich alloys show almost no change in their SRS, which is consistent with
minor changes in G(,/8/3 r,). The scatter plot of Am versus AG(y/8/3 I}) e in Fig. 8b shows the quantitative
correlation between the changes in intensity at the length scale of G(,/8/3 r,), interpreted as the signature of
3-atom connections, and SRS, being used to describe the ductility of the material. Interestingly, the simulations of
Ding et al. showed that structural ordering during cooling leads to an increase in the stiffer 3-atom connections®.
To a certain degree isothermal annealing resembles the effects of slow cooling, as the system also undergoes
structural relaxation and ordering to an enthalpically lower state leading to a lower fictive temperature. Therefore,
further resemblance between experimental data and the reported simulations is given.
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Figure 7. (a) Strain rate sensitivity m for as-cast state as a function of Pd-content (left axis, open squares)

and absolute value of reduced pair distribution function at the length scale of 3-atom connections G(/8/3

r,) in the as-cast state as a function of Pd-content (right axis, open circles). A decrease in SRS with increase in
Pd content, associated with more brittle behavior, is observed. More rigid 3-atom connections in the reduced
pair distribution function are observed with increase in Pd content, which is also characteristic of relatively
brittle behavior. (b) Scatter plot of my, . and G(y/8/3 1) cas showing the correlation of decreasing strain-rate
sensitivity with increasing fraction of 3-atom cluster connections.

The experimental results indicate that the absolute structural changes facilitated by compositional varia-
tion, when platinum is systematically replaced by topologically equivalent palladium atoms, are much more
significant than those due to annealing. In contrast, the absolute changes in ductility/SRS with composition or
due to annealing are comparable in magnitude. This indicates, that while the distinctiveness of 3-atom connec-
tions might play a significant role in the mechanical properties of metallic glasses, they do not directly allow a
prediction of ductility. Ultimately, the deformation process of multicomponent metallic glasses with respect to
chemical and thermal changes are of course too complex to be solved by a single parameter. Still, this does not
come as a surprise as there are with a probability bordering on certainty further (structural) mechanisms and
effects in combination with the limitations of structural data of multi-component systems obtained in a total scat-
tering diffraction experiment. In total scattering, the atomic pairs with the highest atomic form factor/strongest
scattering ability, dominate the reduced pair distribution function, which is a superposition of all atomic pairs
involved. For the investigated systems, this means that only noble-noble metal interactions are probed with minor
contributions of noble metal-Cu and Cu-Cu partials, whereas any pair associated with P remains unaccounted.
Still, for the Pt/Pd-Pt/Pd partials, the increase in 3-atom connections with Pd-content and with relaxation shows
good quantitative agreement, which is in line with simulations. This work may stimulate further investigations
on the relation between local structure and mechanical performance of metallic glasses.

Conclusions

In summary, the plastic deformation mechanism of interrelated Pt,, s_ Pd, Cuy,Ni, sP,, bulk metallic glasses was
studied, where platinum was systematically replaced by topologically equivalent palladium atoms. Increase in
Pd content resulted in increasing hardness and yield strength and a drop in strain rate sensitivity. The Pt-rich
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function at the length scale of 3-atom connections AG(y/8/3 1;) . after annealing for 24 h at T,-50 K in
reference to the as-cast state as a function of Pd-content (right axis, open circles). (b) Scatter plot of Am and
AG(/8/3 1) e Showing the correlation of change in strain-rate sensitivity with increasing fraction of 3-atom
cluster connections.

bulk metallic glasses showed higher strain rate sensitivity, lower discrete plasticity ratio in nano-indentation
experiments, smaller stress-drops, and multiple shear band formation in micro-pillar compression, indicating
more homogeneous flow compared to the Pd-rich alloys. Similar to the addition of Pd, embrittling effects were
observed after sub-T, annealing (T,-50 K for 24 h) of the samples, both effects might be connected to a similarly
increasing trend in the reduced pair distribution function on the length scale of rigid 3-atom cluster connec-
tions. This present systematic study helps to further shed light on the interrelation of structure and mechanical
properties in metallic glasses through alloying and heat treatment.

Materials and methods

Sample preparation.  Pt,,; Pd,Cu,;Ni, ;P;, (x=0 and 42.5) master alloys were synthesized by arc melting
the mixture of pure elements (Pt, Pd, Cu, and Ni with purity of>99.95%) under a Ti-gettered high purity argon
atmosphere. Each ingot was flipped and re-melted for at least four times to ensure homogeneity in composition.
Subsequently, the pre-alloys were placed on top of P in a fused quartz tube and heated inductively followed by a
fluxing process in dehydrated B,O; for at least 20 h at 1200 °C in a fused silica tube to remove impurities. After-
wards, the master-alloys are mixed in the ratio of the final composition; Pt,, s Pd,Cu,;Nig sP,;, where x is x=0,
2.5,7.5,12.5, 17.5, 20, 22.5, 30, 35, 40, 42.5 at %. This solid mixture is then re-melted in an arc-melter under a
Ti-gettered high-purity argon atmosphere to ensure a homogeneous sample.

Amorphous samples were prepared by inductive re-melting of the ingots and tilt- casting in a water-cooled
copper mold with 5 mm diameter under argon atmosphere (Ar 6.0). Few select compositions with Pd content
x=0, 7.5, 20, 22.5, 35, 42.5 at % samples were annealed in a Perkin Elmer DSC 8000 at T,-50 K for a duration
of 24 h under a high purity Ar (Ar 6.0) atmosphere. All samples, annealed and as-cast, were polished to mirror
surface finish for nano-mechanical characterization. Chemical compositions of the alloys were confirmed using
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scanning electron microscopy (SEM, FEI, Hillsboro, OR, USA) equipped with energy dispersive spectroscopy
(EDS).

Nano-indentation. Nano-indentation was done using a TI-Premier Triboindenter (Bruker, Minneapolis,
MN, USA) with a diamond Berkovich tip at room temperature, a peak load of 100 mN, and a loading and
unloading rate of 20 mN/s. The hardness and modulus were determined using Oliver and Pharr method®. Strain
rate sensitivity (SRS) was calculated by nano-indentation in displacement-control mode with applied strain rates
0of 40x1072s7%, 1.2x 107! 57!, 4.0x 107! 571, An average of sixteen indents were performed to obtain the average
and standard deviation. Distance between adjacent indents was more than 100 pm to avoid overlap of their plas-
tic zones. All tests were performed in the center of the samples in order to avoid the influence of cooling rate on
local structural state. Thermal drift rate was measured and maintained below 0.05 nm/s for all tests.

Micro-pillar compression. For micro-pillar compression tests, pillars~5 pm in height and~2.5 pm
in diameter were milled in select alloys, namely Pt,, s ,Pd,Cu,,NigsP,; (x=0, 20, and 42.5), using FEI Nova
NanoLab 200 FIB-SEM using Ga ion beam, with current ranging from 5 nA to 10 pA. The top and bottom diam-
eter of the micro-pillars were measured, and the taper angle was determined to be ~ 2°, which was considered for
further analysis. PI88 SEM Picoindenter (Bruker, Minneapolis, MN, USA) with a 5 ym diameter flat diamond
punch was used for the micro-pillar compression tests. Tests were performed in displacement-control mode at
a strain rate of 6 x 107> s7! The recorded load versus displacement was converted to engineering stress—strain
curves using the micro-pillar dimensions. A minimum of three micro-pillars were milled for each alloy to deter-
mine the standard deviation.

High-energy synchrotron X-ray diffraction. High-energy synchrotron radiation experiments were
performed at beamline P21.2 at PETRATII at Deutsches Elektronensynchrotron (DESY) synchrotron facility.
Measurements were carried out in transmission geometry at a radiation energy of 70 keV (A=0.1771 A) with a
beam size of 0.5x 0.5 mm. Disc-shaped samples were cut from 5 mm rods and were irradiated in the middle of
the sample. A VAREX XRD4343CT detector with a pixel size of 150 x 150 um and a resolution of 2880 x 2880
pixels was used for the recording of the patterns with a summed exposure time of 5 s. For the measurements, a
set of five pictures was averaged, leading to a summed total exposure time of 25 s. The two-dimensional X-ray
diffraction patterns were integrated using pyFAI integrate. For further processing, like background subtraction,
corrections for sample absorption, polarization and multiple scattering PDFgetX2 software was used®’.
The total structure factor S(Q) was calculated as™

Ic(Q) — f(Q)?
f@?
where I.(Q) is the coherently scattered intensity, f(Q) the atomic form factor, and Q is the scattering vector. The

angle brackets denote a compositional average over all constituents.

To obtain the reduced pair distribution function, G(r), a Fourier transformation of the total structure factor
leads to:

S(Q =1+ (1

00

2
G(r) = P [Q[S(Q)— 1] sin (Qr)dQ, ()
0
where r is the distance to the reference atom. Each G(r) pattern was optimized using an optimization algorithm
in PDEgetX2 as described by Wei et al.”! with a maximum Q-range (Q,,,,) for the Fourier transformation of $(Q)

of 15 A~!. This value is sufficient to obtain the needed degree of details in G(r) for metallic glasses, as shown in
prior studies®®7%,

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
authors on reasonable request.
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The structural differences between the compositionally related Pt-P- and Pd-P-based bulk
glass-forming liquids are investigated in synchrotron X-ray scattering experiments. Although
Pt and Pd are considered to be topologically equivalent in structural models, we show that
drastic changes in the total structure factor and in the reduced pair distribution function are
observed upon gradual substitution. These variations indicate the existence of significant
structural differences on the short- (SRO) and medium-range order (MRO) length scale. The
structural data suggest that the distribution of the dominant polyhedra and the distribution of
their connection schemes gradually change from Pt-P- to Pd-P-based alloys, which is likely
connected to the different sensitivities to annealing or cooling rate induced embrittlement.
The evolution of the total structure factor and the reduced pair distribution function with
increasing temperature indicate the (partial) dissolution of both, the MRO and the SRO,
which reflects the thermodynamic properties of the liquids.
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liquids feature a high glass-forming ability (GFA), which

is reflected by their critical casting thicknesses (d.)
usually exceeding 1.5 cm!=3. The compositional similarities (e.g.,
Pty 5Cu,7NigsP2; and Pdy3CuyyNijgPa), the interchangeability
of Pt and Pd without losing the bulk GFA*>, the topological
equivalence of Pt and Pd®’, and the similar kinetic fragility®-!!
suggest a close connection between Pt-P- and Pd-P-based
liquids. However, the d_ of the alloy with the highest GFA in both
systems varies by a factor of four from d.=20mm for
Pty 5Cus7NigsPs; to d.=80mm for the PdyssCusgNizsPag
alloy!2. This difference is attributed to the fact that the GFA of
Pt-P-based BMG forming liquids originates from a high inter-
facial energy, compensating a high driving force for crystallization
and a kinetically fragile behavior'#!%, In contrast, the Pd-P-based
liquids are rather stabilized by an extremely low-driving force for
crystallization!?, which can be approximated by the entropy
of fusion AS;. AS; represents the negative slope of the Gibbs
free energy difference between the liquid and the crystal at
the liquidus temperature. Although not independent from
the crystalline state, the large variation in AS¢ of about a factor of
two (ASHPty5Cuy;NigsPsy) = 12 Jg-atom 1 K—1, AS{Pd,3Cu,;-
NijoPyo) = 5.8 Jg-atom—! K=1 811.12) between Pt-P- and Pd-P-
based alloys can probably not solely be traced back to different
entropic states of the crystalline mixtures. It rather suggests that
the two liquids possess different structural states in the equili-
brium liquid. This hypothesis is supported by the observation of a
rapidly ascending specific heat capacity in the liquid state (cpl)
upon undercooling the Pt-P-based liquids whereas that of the
Pd-P-based alloy compositions ascends more slowly!? (see also
Supplementary Fig. 1). The excess heat capacity Ac,(T),
representing the difference between the specific heat capacity of
the liquid and the crystalline state, is connected to the rate of loss
in the excess entropy AS;_(T). As AS;_(T) is proportional to the
configurational part of the entropy of the liquid'®, the rate of
change in AS;_,(T) indicates a more pronounced ordering process
in Pt-P-based liquids upon undercooling. The connection
between the ascending spec1ﬁc heat capacity and structural
ordering has been shown in computer simulations'®. These
observations draw the picture of rather disordered Pt- P based
liquids at high temperatures, undergoing a rapid ordering upon
approaching the glass transition. On the other hand, a large
degree of local order is likely already present at high temperatures
in the equilibrium liquid of the Pd-P-based compositions,
reflected by the small entropy of fusion. Moreover, the existence
of structural differences is suggested by the varying sensitivity to
cooling rate induced and annealing induced embrittlement™1¢,
Kumar et al.*!% reported that the bending ductility of Pd-P-based
glasses strongly depends on the cooling rate and the annealing
protocol whereas the Pt-P-based glasses always showed plasticity.
The partial replacement of Pd by Pt reduced the sensitivity of the
alloys to cooling rate induced embrittlement®. These observations
are attributed to different critical fictive temperatures (Tgeriticalyl6
The fictive temperature Ty is defined as the glass transition upon
cooling and therefore depends on the applied cooling rate!”. T of
a glass can also be changed by annealing or rejuvenation!®!?,
However, T¢ritieal i an inherent property of the alloy composi-
tion and should be connected to the structure of the glass. If a
glass possesses a T below the Tyritical, it will fracture without
plastic deformation!®.

In order to find implications of structural differences in the
two systems that might explain the different thermodynamic
and mechanical properties as well as the variation in the GFA,
synchrotron X-ray scattering experiments in the glass, the
supercooled liquid and the equilibrium liquid are conducted on
Pty 5Cu,7Nig 5Py and Pdy3Cuy;NijgPag. Moreover, Pt is stepwise

Pt—P- and Pd-P-based bulk metallic glass (BMG) forming

replaced by Pd and the total structure factor as well as the
reduced pair distribution function (PDF) are determined at
ambient temperature, revealing the compositionally induced
structural changes. The experiments on theses multicomponent
bulk glass-forming liquids can be considered as a top-down
approach, complementing the computational modeling of less
complex metallic liquids.

Results

The total structure factor at constant temperature. Figure 1
shows the total structure factor S(Q) of the Pty 5CuysNigsPa;
and the Pd,3Cu,;Ni;oPy alloy composition at 323 K. The S(Q) of
the Pty, sCus;Nig sP»; glass exhibits a pronounced prepeak at
~2.1 A1, preceding the first sharp diffraction peak (ESDP),
whereas the shoulder of the second diffraction peak towards
higher Q-values is more pronounced for the Pd,3Cu,;NijoPag
alloy composition. In order to investigate the compositional effect
on these two features, Pt in the Pty, sCu,;NigsP,, alloy is gra-
dually replaced by Pd, following the compositions displayed in
Fig. 2. As shown in Fig. 2a, b, the intensity of the prepeak fades
with decreasing Pt content and the shoulder at the second peak
gains intensity. It should be noted that the samples used for the
diffraction experiments at 298 K were cut from plates with the
same dimension. Hence, they experienced similar cooling rates
and the observed variations in $(Q) do not originate from dif-
ferences in the thermal history.

The total structure factor as a function of temperature. The
temperature-induced evolution of the total structure factor is
shown for the Pty sCu,;Niy sP,; and the Pdy3Cu,;Ni;oP,y com-
position in Fig, 3. Figure 3a, c display the low and Fig. 3b, d the
high Q-region. The data at low temperatures were obtained upon
heatmg a glassy sample (blue) and those at high temperature
upon cooling the liquid from 1153K (red). The temperature
interval in-between the high and low temperature data is
obscured by crystallization. The arrows indicate the evolution of
the peak maxima and minima with decreasing temperature. For
both alloy compositions it is observed that the peak intensities
increase, and widths decrease which is on the one hand attributed
to an increasing structural order and on the other hand to the
decreasing atomic vibrations (Debye-Waller factor). The oppos-
ing movement of the first and second diffraction peak results in a
virtually temperature invariant minimum in-between the two

T T T T T

Ptyp sCU5Nig 5P

S(@

Pd,3Cug;NiyoPsg

QA

Fig. 1 Total structure factor S(Q) of as-cast Pts25Cuy7NigsP2; and
Pd,3Cus7NirgPao at 323K, At low Q-values (-2.1 A7) only
Pt425CuysNig 5Py exhibits a prepeak. The shoulder at the second peak
(-5.7 A-1) is distinctly more pronounced for the Pda3Cuz7NigP2o alloy
composition
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Fig. 2 Total structure factor S(Q) of as-cast Ptyz s PdCuzzNig 5P
samples, where x=0, 2.5, 7.5,12.5,17.5, 20, 22.5, 25, 30, 35, 40, and 42.5.
a, b The dependence of the prepeak at ~2.1 A—1 and the shoulder at -5.7 A-1
on the Pt-to-Pd ratio. With increasing Pd concentration, the prepeak in the
low Q-range diminishes whereas the characteristic at 5.7 A~! gets more
pronounced. In a, b, S(Q) is normalized to the peak height of the first and
second sharp diffraction peak S(Q;) and S(Q-), respectively. The diffraction
experiments were conducted at 298 K. All samples experienced similar
cooling rates as they were cut from plates of the same dimension

peaks. The insets in Fig. 3a, ¢ magnify the low Q-region of $(Q).
In the case of the Pty sCu,;NigsP;; liquid, the intensity of the
prepeak decreases upon heating and vanishes in the equilibrium
liquid (see also Supplementary Fig. 2). For the Pd4;Cuy;Ni;oPsg
liquid, a comparable feature is not detected in the low Q-region.
Instead, the shoulder at the second peak gets more pronounced as
the temperature decreases.

The reduced PDE. In order to further investigate the structural
differences in the two alloy families, the reduced PDF is calculated
according to Eq. 4. Figure 4 shows the temperature-induced
evolution of G(r) of Pty 5CuyyNigsPy; and Pdy3CuyyNigPag
in the same temperature interval as indicated in Fig. 3. The
arrows indicate the shifts of the peak maxima and minima with
decreasing temperature. As commonly observed in metallic
liquids, the first peak position, which is assumed to reflect the
average, weighted nearest neighbor distance, shifts towards higher
values with decreasing temperature. This intuitively physically
unlikely behavior has been attributed to an increasing coordina-
tion number (CN) upon cooling?’*!. However, Ding et al.??
argued that the anomalous peak shift might originate from
the asymmetry of the peak shape. If the skewness is considered,
the mean bond length is found to increase with increasing
temperature”’.

10
4 Evolution of Heating: 295-594 K
a " | [the pre-peak Cooling: 1153-764 K
Ptyp sCup;Nig 5Py |
g
»
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QA
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Q(A™)
d .
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QA

Fig. 3 Temperature-induced change of the total structure factor S(Q). a, b,
¢, d The total structure factor of Pts; 5Cuz7Nis 5Py and Pdy3CuzsNiigPaq as
a function of temperature. The high temperature data (red) were collected
upon cooling from 1153 K and those at low temperatures (blue) upon
heating from the glassy state. a, € show the low Q-range and the insets
magnify the region where the prepeak in Pt;, sCus;Nig P2 evolves with
decreasing temperature. b, d show the oscillation of S(Q) at high Q-values.
The second peak of S(Q) of both alloys is magnified in Supplementary
Fig. 3. The arrows illustrate the evolution of the peak maxima and minima
with decreasing temperature

The first peak position of Pty;sCuyyNigsPs; and PdyzCuyy-
Ni, oP,o at 298 K is located at 2.79 and 2.77 A. As G(r) of the two
alloy compositions is dominated by the Pt-Pt and the Pd-Pd
partial PDFs (see Supplementary Figs. 4 and 5 and Supplemen-
tary Note 1), the first peak position represents in a first
approximation the distance between two Pt and two Pd atoms,
possessing an atomic radius of 1.39 and 1.40 A”. The most
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Fig. 4 Reduced pair distribution function G(r) of @ Pt42.5Cu27NigsP21 and b PdasCuz7NiygP2g as a function of temperature. The high temperature data (red)
were collected upon cooling from 1153 K and those at low temperatures (blue) upon heating from the glassy state. The arrows indicate the evolution of the
peak maxima and minima with decreasing temperature. The insets magnify the second peak, corresponding to the second nearest neighbor distances. The
vertical lines in the inset mark the most probable second nearest neighbor distances if adjacent clusters share one, two, three, or four atoms, calculated

from the first peak position

distinct difference in G(r) of the two alloys is observed at the
second peak, reflecting the distances in the second nearest
neighbor shell. In both cases, the second peak changes its shape
and sharpens with decreasing temperature. The insets in Fig. 4,
magnifying the temperature-induced evolution of the second
peak, show that two peak maxima evolve for the Pty sCuy;-
Nig sP5; liquid, whereas a single maximum with a pronounced
shoulder on the high-r side forms for the Pd,;;Cu,;Ni (P, alloy
composition. The compositional variation of G(r) on the Pt-Pd
axis at ambient temperature is shown in Fig. 5. Again, the changes

at the second peak of G(r) upon substitution of Pd by Pt are
obvious and are magnified in the inset of Fig. 5. The vertical lines
in the insets of Figs. 4a, b and 5 are referred to in the discussion
section.

Discussion

Although Pt and Pd atoms are considered to be topologically
equivalent in structural models®7, the variations observed in S(Q)
and G(r) suggest major structural differences. As the FSDP in

4 COMMUNICATIONS PHYSICS | (2019)2:83 | https://doi.org/10.1038/542005-019-0180-2 | www.nature.com/commsphys



154

COMMUNICATIONS PHYSICS | https://doi.org,/10.1038/5s42005-019-0180-2

Publication IV

ARTICLE

G (1) (A

—Pt 5Py
Pt; sPdgg
PtysPdyg

Il PtPd,,

0o 2 4 6 8 10 12 14
r(A)

Fig. 5 Compositional variation of the reduced pair distribution function G(r)
of Pt/Pd-P-based glasses at 298 K. The inset magnifies the second peak
corresponding to the second nearest neighbor distances. The gray areas in
the inset mark the most probable second nearest neighbor distances if
adjacent clusters share one, two, three, or four atoms calculated from the
first peak positions

S(Q) already contains information on the medium-range order
(MRO) of the liquid*%, the presence of a prepeak indicates a
distinctly pronounced MRO?° and is observed in various
liquids?°—32, Cheng et al.? concluded from experimental obser-
vations that the detection of a prepeak in S(Q) is likely if the
concentration of solutes is low (solute-lean composition) and if
the solute specie possesses a high atomic form factor (“strong
scatterer”). The type of MRO that results from these two state-
ments is based on the avoidance of solute-solute bindings. Solute
atoms, being the center of the representative cluster, form a
sublattice-like structure that becomes visible as a prepeak in S(Q)
if the weighting factor of the solute-solute partial structure factor
is sufficiently large®®. Such a prepeak is detected in binary Zr-Pt
liquids (solute-lean, e.g., ZrgoPty)?”*>. It originates from the
spatial arrangement of the Pt-centered clusters and hence from
the noble metal-noble metal correlations?”-*3. As reported by
Mauro et al.*, the prepeak at low Q-values vanishes if Pt is
replaced by Pd. It was noticed that this observation is not
equatable to the dissolution of the MRO as the lower atomic form
factor of Pd in comparison to Pt might solely reduce the
detectability of the prepeak (see Eqs. 2 and 3 in “Methods™)**.

Based on the discussion above, the type of MRO prevailing in
Pty 5CuyyNig sP2; might be different as the composition can be
considered as solute rich?>. The existence of a prepeak for a
solute-rich glass has previously been reported in the CessAlys
alloy composition?¢. Despite from the type of MRO prevailing in
Pty 5Cu,,Nig 5P, the question arises if the disappearance of the
prepeak in Pd;3Cuy;Ni;oPyq only results from the variation of the
atomic form factors of Pd and Pt. In the following section, pos-
sible origins of the prepeak are discussed, suggesting that the
varying atomic form factor should not result in the disappearance
of the prepeak.

The S(Q) of the Pty; sCuy;Nig 5P, is dominated by the Pt-Pt
and Pt-Cu partial structure factors (Supplementary Fig. 4) and
the prepeak most probably originates from one of the two par-
tials. In a previous study, the authors observed that other Pt-P-
based alloy compositions with a larger Pt and lower Cu content
(i.e., PtgoCu,6C0,P2; and Pts; 3Cuy46Nis 3P g) do not feature a
prepeak at low Q-values®. If the prepeak arises from the Pt-Cu
partial, an increasing Pt and a decreasing Cu content would
increase the significance of the Pt-Pt partial structure factor,

making the Pt-Cu correlations less dominant. Another possibility
is that the MRO results from the Pt-Pt correlations as the Pt
atoms in Pty sCu,;Nig 5P are on average more often separated
by a distance larger than the first coordination shell due to the
larger amount of Cu, Ni, and P atoms. In the case of higher
Pt-concentrations, the Pt atoms are less diluted, and they are
more frequently nearest neighbors to each others, reducing the
significance of the MRO. As the dominant partial structure fac-
tors in Pd,3CuysNigP,o and Pdy; sCu,sNig sP5; are Pd-Pd and
Pd-Cu, equivalent to Pt-Pt and Pt-Cu in Pty; sCu,y;NigsPsy
(Supplementary Figs. 4 and 5), the disappearance of the prepeak
(Figs. 1 and 2) and the evolving shoulder at the second peak are
most likely not traced back to the changing form factor as sug-
gested for the Zr-Pd liquids. The varying signatures in S(Q)
rather suggest that the distribution of the local representative
structural units (cluster types) and their spatial arrangements in
Pt-P- and Pd-P-based liquids vary as discussed in more detail in
the following.

The existence of a shoulder at the second peak of $(Q) has been
attributed to icosahedral short-range order (SRO). In the case of
perfect icosahedral SRO, the ratio between the first two peak
positions Q./Q; and the ratio between the first peak position and
the location of the shoulder Qqouder/Q; is 1.71 and 2.04°73, The
location of the shoulder of the second peak of $(Q) of
Pd43CuyyNi oPyy is determined by fitting, using a two Gaussian
function. Qx/Q; and Q/Qgnoulder for the Pdy3Cus7NijgPsyo com-
position are 1.71 and 1.96, which is in good agreement with the
expected values, indicating a little distortion of the icosahedral
SRO?. In the PdyNigP,y BMG forming liquid, tricapped tri-
gonal prisms coexisting with Ni-centered icosahedra are found as
representative structural units, supporting the idea of an at least
partially icosahedral SRO in Pdy;Cuy;NijoPag and Pdys 5Cugs-
Nig sP2;%?. Moreover, Park et al.*0 determined a CN of 11.4 in
Pd4oNigoPsp and 12.6 in PdyuCusoNioPsy around the Ni atoms,
which are close to values of a perfect icosahedron (CN = 12).
From a topological point of view, the ratios between the atomic
radii of Pt (139pm’), Pd (140 pm’), and Cu(/Ni) (126 pm’)
suggest icosahedral SRO around the Cu(/Ni) atoms in both
liquids*!. The more pronounced shoulder at the second peak of S
(Q) in the Pdy;Cuy;NijgPy and the Pdy; sCuy;Nig 5Py liquid
might therefore indicate a larger fraction of icosahedral SRO. In
the case of the Pty, sCuy;Nig 5P»; alloy composition, the existence
of a comparable shoulder in $(Q) can only be guessed (see Fig. 1).
Following the simulations of Guan et al.** on the compositional
induced structural changes in the Pd-Ni-P system, the substitu-
tion of Pd by Pt might change the ratio between the two struc-
tural units, the trigonal prism, and the icosahedron.

As Fig. 3 reveals, a change in temperature influences both the
MRO as well as the SRO. At temperatures above the liquidus tem-
perature  (Tj(Pty; sCuz;NigsPy;) =874 K5, Ti(Pdy3Cuy,NijoPy) =
866K12), the prepeak in Pty;5CuyNigsPy; vanishes and the
shoulder at the second peak in S(Q) of Pd;3Cuy;Ni;Pa becomes less
prominent (Fig. 3). The disappearance of the prepeak in
Pty 5Cuy;Nig P,; in the equilibrium liquid state, together with the
large AS;and the rapidly ascending ¢! upon cooling (Supplementary
Fig. 1), suggest a significant reduction or the entire dissolution of the
MRO. In the case of the (at least partially) icosahedral SRO in
Pdy3Cu,;Nij Py it is well known that this type of SRO prevails in
many metallic glass-forming liquids (even above Tj) and gets more
pronounced as the glass transition is approached upon cooling?>-%°.
Once more it should be emphasized that the reduced significance of
both characteristics upon heating is on the one hand traced back to
the dissolution of atomic order and on the other hand affected by the
increasing atomic vibrations, diminishing the peak intensity*.
However, in the case of the prepeak it has been observed in other
metallic liquids that it remains visible even hundreds of Kelvin above
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Ti?%33, supporting the idea of the dissolution of atomic order in

Ptys 5Cuy;Nig sP5, in the equilibrium liquid.

The splitting of the second peak of the pair PDF (Figs. 4a, b
and 5) reflecting the variety in the second nearest neighbor dis-
tances, has been observed in different metallic liquids*’-*°. In
computer simulations it is suggested that the peak splitting ori-
ginates from the uneven distribution of different types of cluster
connections*>>, The local representative structural units may
share one, two, three, and four atoms?*>0 and the most probable
position of the second nearest neighbor for each cluster con-
nection scheme according to these simulations can be calculated
from the average bond length as 2 r; (1-atom connection), V3n
(2-atom connection), \/8/3 r; (3-atom connection), and V2 1
(4-atom connection)**’!, As value for r,, the first peak position
of the reduced PDF is chosen, mainly representing the noble
metal-noble metal correlations. The obtained positions for the
second nearest neighbor are depicted as vertical dashed lines in
the inset in Fig. 4a, b. For topological reasons the more atoms the
clusters share the smaller is the second nearest neighbor distance.
The effect of the Pt/Pd concentration on the shape of the second
peak at ambient temperature is magnified in the inset in Fig. 5.
The calculated second nearest neighbor positions indicate that the
distribution of connection schemes gradually changes as Pt is
replaced by Pd. In the Pd-P-based glass, the peak at ~4.5 A seems
to result from central atoms whose clusters are connected via face
sharing (3-atom connection). As can be seen in Fig. 5, face
sharing becomes less dominant upon substituting Pd by Pt.
Instead the l-atom and 2-atom connection schemes gain
importance. The evolving shoulder at ~3.9 A suggests that even
the 4-atom connection scheme is facilitated by the replacement of
Pd. Although these cluster connection schemes are thought to
already exist in the high temperature liquid and the peak splitting

is smeared out by the thermal vibrations, the structural ordering

occurring during cooling also affects the distribution of the
cluster connection schemes”. Therefore, the sharpening of the
features of the second peak observed in Fig. 4 is again attributed
to the decreasing atomic vibrations and to the growing portion of
certain cluster connection schemes at the expense of others,
increasing the packing density of the liquid*>*". In the case of
Pd43Cuy;Ni;gPao, the 3-atom cluster connections seem to prevail,
and its fraction increases upon cooling whereas the structural
data of Pty,sCuy;NigsP;; suggest a larger diversity of cluster
connection schemes. Against the background of an at least par-
tially icosahedral SRO in Pd;Cuy;NijgP,o (suggested by the
shoulder at the second peak of S(Q)), the existence of a variety of
the 3-atom connections is reasonable as each (perfect) icosahedral
cluster features 20 triangular faces, which adjacent clusters may
share. In contrast, the representative structural units in
Pty 5CuyyNig sPy; might comprise a large fraction of trigonal
prisms that connect via edge sharing (2-atom connection) as
suggest by Gaskell for metal-metalloid glasses®. A distinct
diversity of cluster connection schemes in the Pty; sCu,;NigsPa
liquid including a larger portion of the more flexible 1-, 2-, and 4-
atom connections would result in a higher configurational
entropy of the liquid, contributing to, and agreeing with the
experimentally measured, high AS; of the Pt-P-based liquids.

Following the argumentation of Guan et al.*%, the coexistence of
two structural units, the trigonal prism and the icosahedron, might
be responsible for the good GFA in both systems. However, our
structural investigations indicate that the ratio between both
structural motifs changes upon substituting Pd by Pt. In the case
of the Pd-P-based liquids, the icosahedral SRO is more dominant,
leading to an increase of the 3-atom connections. In contrast, the
prevalence of the trigonal prisms in the Pt-P-based liquids results
in a broader distribution of the connection schemes.

Although the experimental findings discussed above are in
striking accordance with the simulations performed by Ding
et al.*%, it should be noted that the shape of the second peak in
G(r) of complex, multicomponent metallic liquids is also affected
by the number of small atoms in the first coordination shell that
may be involved in the cluster connection. As the partial reduced
PDFs are not accessible in the conducted experiments, the con-
tribution of the atoms possessing a much smaller atomic form
factor than the noble metals has to remain unclear. Therefore,
this study should be considered as top-down approach building a
bridge between the experimental and computational material
science on metallic glasses and relating the structural features of
these bulk glass-forming metallic liquids to their thermodynamic
and mechanical properties.

At this point one might speculate that the different distribution
of the cluster connection schemes is related to the different
sensitivity to annealing or cooling rate induced embrittlement of
the two alloy families. When the sensitivity to embrittlement
becomes more pronounced as Pt is partially replaced by Pd’, it
might be a consequence of the increase of 3-atom connections in
the Pd-P-based glasses. Interestingly, Ding et al.*’ reported in
their simulations that the various cluster connection schemes
react differently on external stresses. Clusters that are connected
via 2- and 4-atom are more flexible as their local deformation
exceeds that of the macroscopic strain, whereas clusters sharing
1-atom experience an almost identical strain. In contrast, the local
strain of clusters with 3-atom connections is the smallest and
remains below the microscopically imposed shear strain?®. In
other words, the simulations suggest that 3-atom connections are
stiffer than the other connection schemes. Hence, the fraction of
3-atom connections, which increases upon increasing the Pd
concentration or which should increase upon annealing and upon
reducing the cooling rate, might exceed a critical value if the
fictive temperature of the g]ass (defined as the glass transition
upon cooling) falls below the critical fictive temperature Tt
(fictive temperature of the glass below which the sample
embrittles)!'®. T is also connected to an alloy specific critical
value in the configurational entropy. Although the macroscopic
G/B ratio (G = shear modulus, B = bulk modulus) for both alloy
classes remains below the critical value of 0.41%% at which the
transition from a ductile to brittle behavior is suggested™, the
locally increasing stiffness through the ascending portion of 3-
atom connections in Pdy3Cuy;NijgPyy and Pdys 5sCusyNig sPsy
might hamper the formation of multiple shear bands and increase
the sensitivity to crack initiation and propagation.

In summary, the conducted synchrotron X-ray scattering
experiments on the Pt-P- and Pd-P-based liquids suggest the
existence of major structural differences in the two composi-
tionally related alloy families. The comparison of the total
structure factor of Pty;sCuy;NigsPy, and Pdy;CuysNipPsyy
indicate that significant structural differences exist. The total
structure factor of the Pty, sCu,;Nig 5P, glass exhibits a distinct
prepeak preceding the FSDP, implying the existence of a pro-
nounced MRO. In contrast, the Pd;3Cuy,Ni;oP,g glass does not
show a comparable feature, however, a shoulder at the second
peak is observed, indicating at least partially icosahedral SRO.
Both structural signatures suggest that the distribution of the
representative structural units and their spatial arrangement in
both families vary. In Pd-P-based liquids icosahedral SRO
dominates, whereas the Pt-P-based liquids contain a larger
fraction of trigonal prisms. Upon gradually replacing Pt by Pd,
the prepeak fades and the shoulder at the second peak gains
intensity, suggesting that the ratio between icosahedra and tri-
gonal prisms is changing. When approaching the equilibrium
liquid state upon heating, the prepeak vanishes, and the shoulder
gets less pronounced which is on the one hand attributed the
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increasing atomic vibrations and on the other hand to the dis-
solution of atomic SRO and MRO. The disappearance of the
prepeak in combination with the rapidly descending specific heat
capacity of the liquid with increasing temperature and the large
entropy of fusion draws the picture of a rather disordered
Pty sCu,;Nig sP»; liquid at high temperatures. This disordered
liquid experiences a rapid ordering process involving the for-
mation of MRO upon approaching the glass transition. The low
entropy of fusion and the shallowly ascending specific heat
capacity of the liquid upon cooling suggest that the structure of
the Pdy3CuysNijPa liquid in the stable equilibrium already
comprises a certain degree of SRO. The appearance of the second
peak in the reduced PDF suggests that Pt-P- and Pd-P-based
liquids possess different distributions of cluster connection
schemes, resulting from the varying ratio between the two
representative structural units. Pt-P-based liquids feature a broad
distribution of cluster connection schemes, comprising the more
flexible 2- and 4-atom connections, whereas the stiffer 3-atom
connections prevail in the Pd-P-based liquids, originating from
the more dominant icosahedral SRO. The varying distribution of
connection schemes contribute to the large difference in the
entropy of fusion and are likely to be associated to the different
sensitivity to annealing or cooling rate induced embrittlement,
with the Pd-P-based alloys being more prone to embrittlement.

Methods

Sample preparation. In a first step, a prealloy is produced from the high-purity
elements (purity >99.95 wt%), Pt/Pd, Cu, and Ni. The elements are alloyed in an
arc-furnace under a Ti-gettered high-purity Ar atmosphere. The prealloy is molten
several times to ensure a homogeneous distribution of the elements. Subsequently,
the prealloy is placed on top of the red P pieces in a fused silica tube of 1-m length,
with an inner diameter of 12 mm and a wall thickness of 1.5 mm and heated
inductively under high-purity Ar. A fluxing process is conducted by heating the
alloys with dehydrated B,O; up to 1473 K in a 1-m-long fused silica tube with an
inner diameter of 16 mm and a wall thickness of 1.5 mm. The alloys are held at this
temperature for at least 6 h. If the overall mass loss during the complete alloying
process is attributed to the loss of P, a maximum deviation of 0.5 at% P is esti-
mated. In general, the preparation process is similar to the one of S-containing
BMGs, described in detail in references®>°%. Amorphous samples are produced
from the purified alloys by casting them in water cooled copper molds using a
custom build suction casting device. The alloy compositions containing Pt and Pd
are obtained by mixing appropriate masses of the Pt,; ;Cu,;Nig 5P, and

Pd,; 5Cuy;Nig 5P, alloy compositions. The Pty, sCuy;Nig 5P,y and the Pdy3Cuyy-
NioP3 samples that are heated to the equilibrium liquid and cooled at 0.333 K/s
are cast as rods with a diameter of ~1.1 mm. In order to fit into SiO; capillaries for
the synchrotron X-ray experiments, the diameter of the rods is reduced by
grinding. The samples for measurements at ambient temperature are cut from
amorphous plate-shaped samples with a dimension of 1 x 10 x 13 mm?>.

Synchrotron X-ray scattering experiments. The X-ray scattering experiments are
carried out at the high resolution beamline P02.1 at PETRA IIT at the Deutsches
Elektronen Synchrotron (DESY) in Hamburg™. A wavelength of 0.207 A (60 keV)
and a beam size of 0.5 % 0.5 mm? is used. The samples are positioned in SiO,
capillaries with a diameter of 1 mm and a wall thickness of 0.01 mm and placed in a
ceramic heater and heated at a rate of 0.333 K/s under a constant flow of high-
purity Ar. The temperature calibration of the furnace is performed using Si powder.
The measurements are carried out in transmission mode using a Perkin Elmer
XRD1621 Csl bonded amorphous silicon detector (2048 pixels x 2048 pixels). The
dark-subtracted, two-dimensional X-ray diffraction patterns are integrated using
the Fit2D data analysis software®®. The data are further processed using the
PDFgetX2 software™. The background is measured at room temperature, assumed
to be constant upon heating and cooling and subtracted from the integrated
intensity data. The data are corrected for sample absorption, polarization, and
multiple scattering. The total structure factor S(Q) is calculated aglt

1(Q - f(Q)}
S(Q) =142 2
(Q) =1+ @7

where I(Q) is the coherently scattered intensity and f{Q) is the atomic form factor,
and Q is the scattering vector. The angle brackets denote a compositional average
over all constituents. S(Q) contains all the structural information and is composed
of n(n + 1)/2 partial structure factors®’,

S(Q) =D wyS;(Q) @)

isj

. ey

where w; is the weighting factor expressed as

_asfQf(Q)

W, (3)
Tf@r
where ¢; and ¢; are the molar concentration of element i and j. The Fourier
transform of the total structure factor yields the reduced PDF,
2y "
Gln) =7 [~ Qls(Q) - 1sin (Qr)dQ ()
mlo

where r is the distance to the reference atom. Each G(r) pattern was optimized
using an optimization algorithm in PDFgetX2 as described by Wei et al.%!. As
shown in Supplementary Fig. 6, the splitting of the second peak in G(r), which is
discussed in the main text, only becomes apparent if the maximum Q-range (Qyax)
for the Fourier transformation of $(Q) is beyond 12 A-1 In contrast, the third
and fourth peak in G(r) remain rather unaffected if Q.. is varied within 10.5 and
16 A~1 as already observed by Ma et al.2! for even lower Qy,.,-values.

Data availability

Raw data were generated at DESY (Hamburg, Germany) at the PETRA III (P02.1
beamline). Derived data supporting the findings of this study are available from the
corresponding author on reasonable request.
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We present a detailed investigation of the wave-vector dependence of collective atomic motion in
AuygCuyg9Sig3Ag5 5Pd, 3 and Pdy; sCuy;Nig P> supercooled liquids close to the glass transition temper-
ature. Using x-ray photon correlation spectroscopy in a previously uncovered spatial range of only a few
interatomic distances, we show that the microscopic structural relaxation process mimics the structure and
presents a marked slowing down at the main average interparticle distance. This behavior is accompanied by
dramatic changes in the shape of the intermediate scattering functions, which suggest the presence of large
dynamical heterogeneities at length scales corresponding to a few particle diameters. A ballisticlike
mechanism of particle motion seems to govern the structural relaxation of the two systems in the highly
viscous phase, likely associated with hopping of caged particles in agreement with theoretical studies.

DOLI: 10.1103/PhysRevLett.125.055701

The dynamics of glass formers still attracts large interest in
the scientific community as it is often considered the key to
understanding the glass transition [1-5]. Considerable effort
has been devoted to the comprehension of the enormous
increase in viscosity, or structural relaxation time 7 upon
cooling toward the glass transition temperature 7, [5-7].
However, little is still known on the microscopic mechanisms
responsible for such a tremendous slowdown of viscous flow
as the majority of previous studies employ macroscopic
approaches. One major obstacle to overcome is the difficulty
in probing the ultraslow dynamics of glass formers close to
T, at the relevant length scale involving interparticle inter-
actions with both experiments and simulations.

The collective atomic motion of glass formers can be
described by the intermediate scattering function (ISF)
f(Q,t), which monitors the temporal evolution of the
normalized density-density correlation function over a spa-
tial scale 27/Q defined by the probed wave-vector Q. The
long time decay of the ISF corresponds to the structural
relaxation process and it can be modeled by the Kohlrausch-
Williams-Watts (KW W) function f(Q.1) = f g exp[—(t/7)”],
with the structural relaxation time z(Q), the shape parameter
p(Q), and the nonergodicity parameter f, [3,8].

Studies on metallic glass formers report the existence of an
anomalous dynamical crossover at the glass transition [9,10].
Above T, the structural relaxation process decays in a
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stretched exponential way with # < 1. Similar decays have
been attributed largely to the emergence of dynamical
heterogeneities on approaching 7, [3,11]. As soon as the
material vitrifies, the shape of the long-time decay of the ISF
changes abruptly to a highly compressed form (g > 1).
Numerical simulations associate these compressed ISFs to an
increasing number of connected icosahedral clusters on
approaching T, [12].

At high temperatures, liquids undergo Brownian motion
and 7(Q) =~ Q2. Theoretical studies suggest a gradual
weakening of this Q dependence in supercooled liquids,
due to a change in the transport mechanism from purely
diffusive at high temperatures, to a combination of dif-
fusion and hopping of caged particles on approaching T,
[13]. Differently, numerical simulations show that the
relaxation dynamics depends on the rigidity of the amor-
phous structure being Q independent in network glass
formers, while keeping a diffusive nature in more fragile
systems [14]. This peculiar Q-independent dynamics
occurs for few interparticle distances and it has been
observed also in polymeric materials and DNA-based
transient networks [15-17]. Its origin appears associated
to the presence of independent locally fluctuating elastic
moduli on the probed length scale [15,16] and suggests the
presence of a crossover to a diffusivelike dynamics at larger
length scales [15,17].

© 2020 American Physical Society
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A deeper understanding of the dynamics requires the
experimental knowledge of the Q dependence of the ISF in
liquids and glasses. Such information is challenging to
obtain. Experiments below T, are currently strongly
impeded by the evolution of the dynamics due to physical
aging, which makes it extremely difficult to compare data
acquired separately at different Q’s [10,18]. The dynamics
of supercooled liquids is also difficult to probe due to the
relatively fast relaxation times and the weak scattering
signal at the atomic scale. Because of these technical
constraints, often only a single O at the maximum
of the static structure factor S(Q) [10,19] has been
studied, providing limited information on the microscopic
mechanism responsible for the dynamics in supercooled
liquids.

Here, we make use of recent experimental improvements
in x-ray photon correlation spectroscopy (XPCS) [19],
and probe the O dependence of the relaxation dynamics
at interatomic distances in two highly viscous metallic glass
formers just a few degrees above the calorimetric Tg, ie.,ina
previously unexplored range. The investigated systems are
alloys OfAu;wCll'_)é'gSi]6‘3Ags_5Pd2‘3 and Pd42v5Cu27Ni9‘5P2|
(T, = 574 K). When slowly cooled with isothermal steps of
0.5 K and a cooling rate of 0.1 Kmin~! from the super-
cooled liquid, the T, of the AugyCusgoSije3AgssPdss is
lowered by more than 30 K [20,2 1], and the system exhibits a
fragile-to-strong liquid-liquid transition at 389 K. In this
work, we have investigated the dynamics in the low temper-
ature strong phase (7, = 380 K [20]). For both studied
materials, we measured the ISFs at different Qs around their
respective maxima Q,, of the S(Q) (Q,, au_anoy = 2.80 and
O pa—alloy = 2.87 A~"y and in the highly viscous state
(T Au—alloy = 3855, Tpg—anoy = 580 K).

The AuygCuygoSijg3Ags5Pdy 3 was measured at beam
line ID10 at ESRF, France, and the Pd,, sCuy;Nig 5P, at
beam line P10 at PETRA III, Germany (see also
Supplemental Material [22]). XPCS provides information
on the microscopic dynamics by monitoring the temporal
evolution of the intensity fluctuations g,(Q, ), which
are related to the ISF through the Siegert relation
3(0,1) = 1 +7-|f(Q.1)|*, with y the experimental con-
trast [19,23]. Despite the multicomponent nature of the
probed alloys, in both cases, XPCS mainly measures the
average dynamics coming from the noble-noble atoms
correlation which dominates the scattered signal [22,24.25].

Figure 1 illustrates the two times correlation functions
(TTCFs) measured in the AuygCusg 951 63A855Pd, 5 at the
low Q side of the maximum of the S(Q) [Fig. 1(a)], over its
flank [Fig. 1(b)], and at the maximum [Fig. 1(c)]. TTCF are
a time-resolved version of the standard g,(Q, t). The width
of the yellow-reddish intensity along the main diagonal is
proportional to 7(Q). At all Q’s, the intensity profile
remains constant with time, which is a signature of the
stationary dynamics of supercooled liquids. The lower
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FIG. 1. TTCF at 3855 K in AU49CU26‘QSi16.3Ag5.5pd2_3 for
three different Q’s [2.58 (a), 2.67 (b), and 2.78 Al (©)].

intensity at low Q [Fig. 1(a)] is a consequence of the
lower scattered signal far from Q,,, while the small
intensity fluctuations along the diagonal contour are due
to the heterogeneous nature of the dynamics in supercooled
liquids, which results in a distribution of microscopic
distinct relaxations [11].

Figure 2 shows normalized g¢,(Q,t) measured at
different Q’s together with the KWW fits ¢,(0.1) =
1+ ¢ exp[—2(t/7)?], with ¢ the product between [,
and the contrast. In the probed Q range, ¢ is found
constant and the data have been normalized for clarity.
Figures 2(a) and 2(b) show normalized ¢,(Q,t) of the
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FIG. 2. Normalized intensity autocorrelation functions for the
low (a) and the high (b) Q side of the main maximum of the S(Q)
in AuygCuyg¢Si|63A855Pdy 2 at 7= 385.5 K, and (c) at the
smallest probed @ and at the Q,, pg_aioy T0r Pdys sCuz7Nig 5Py
at T =580 K.

AuygCuyg 9Sij63A255Pd,y 5 corresponding to the low and
the high Q side of the S(Q), respectively. The correlation
functions visibly have distinct shapes with O, and become
more stretched at low [Fig. 2(a)) and high (Fig. 2(b)] O’s
with respect to the shape at the maximum of the S(Q). This
effect is remarkable as ( Q) decreases by almost 40% of its
value, from #(Q) = 0.80 & 0.02 at 2.78 to 0.51 £ 0.02 at
258 Al ie.ina very tiny Q range covering only 0.2 Al
[Fig. 2(a)]. Changes in S(Q) are visible also in the
Pd,; sCuyyNig 5P, [Fig. 2(c)]. Here, the evolution of
A(Q) is weaker as it decreases to #30% of its maximum
value on a Q range which is ~3 times larger than the one
explored for the AuygCuyg9Sijg3AgssPdss.

The structural relaxation times and shape para-
meters measured at all Q’s are reported in Fig. 3 for
both AU49CU26.951 16.3 Ag_;.s Pd2_3 (k‘,ft CO]L]IT]I]) and
Pd,; sCuy7Nig 5P, alloys (right column) and compared
with the S(Q) measured with x-ray diffraction [25,26].
Both 7(Q) and #(Q) mimic the S(Q), showing a significant
slowdown of the dynamics at Q, accompanied by a

simultaneous increase in f(Q) [panels (a)~(b) and
(d)—(e)]. The evolution of 7(Q) is a signature of the de
Gennes narrowing usually observed in the frequency
domain in high temperature liquids [27-37]. It implies
that the most probable and stable interatomic configura-
tions are those probed at Q =~ Q,,, which need a high
degree of cooperative motion to change the atomic arrange-
ments. Interestingly, while the S(Q) changes by almost a
factor of 2 in the AugyCu,g9Si63A255Pd, 5, the relative
change in 7 is considerably smaller. This difference is even
stronger in the Pdy;sCuy;NigsP,;. Similar trends have
been reported for other viscous liquids [37-39] and are
likely due to the occurrence of complex mechanisms of
particle motion [30]. We note that although both samples
have been measured close to their 7'y, their dynamics
differ by almost an order of magnitude, being of ~10* s
in the AuyyCuygoSij53A855Pd; 5. This remarkable highly
viscous state is a consequence of the applied thermal
protocol [20,21].

Considering the heterogeneous scenario for supercooled
liquids, i.e., the existence of groups of particles relaxing
with different times with respect to neighboring particles,
the g,(Q,1) can be viewed as a measure of the average
dynamics with f(Q) describing the degree of such a
distribution of microscopic relaxation processes [11,40].
The decrease of f(Q) for Q@ values smaller than that of
the main peak in S(Q) implies the occurrence of larger
dynamical heterogeneities consistent with the notion of
medium-range-order domain fluctuations. The smaller
measured Q values correspond generally to length scales
comparable to the typical size of icosahedra clusters whose
occurrence in the Pd-based alloy has been confirmed by
structural studies [25,41]. The dynamics of such clusters
was recently identified to strongly dominate the evolution
of the ISFs in supercooled metallic liquids [12]. This
behavior contrasts dramatically with that observed in
metallic glasses. Below T, not only is the dynamics
characterized by a compressed decay of the ISFs (ie.,
p > 1) and aging [10], but f(Q) remains constant, at least
in the same Q range as probed here [18].

To evaluate the mechanism of particle motion we
include the influence of f(Q) on the dynamics by
considering the mean relaxation time (z(Q)) =
C{{1/[B(O)H[=(Q)]/[#(Q)]}, where T is the Gamma
function [30]. Differently from 7(Q), (z(Q)) decreases
with increasing Q in both supercooled liquids before
to evolve to a more flattened regime at larger Q values
[Figs. 3(c) and 3(f)]. The low Q’s regime is compatible
with a 1/Q, ballisticlike atomic motion suggesting
the existence of a mechanism of hopping of caged
particles in these ultraviscous liquids [42] as in the case
of some concentrated colloidal suspensions [43], gels
[44,45], and in numerical simulations of ortho-terphenyl
[46]. Interestingly, the crossover between the two
regimes occurs at different Q’s in the two alloys. In the
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AuggCuye 951 63A85 sPd, 3, the ballisticlike regime persists
up to Q = Q,,, while in the Pd,, sCuy;Nig sP5; it ends in
correspondence of the onset of the main structural
peak in the S(Q). Such a difference is likely due to
the huge reduction in f(Q) at low Qs for the
AuygCuyg 9Sijg3Ags sPd, 3, of about 40% of its value at
0,, [Fig. 3(a)], which dominates the (z(Q)) evolution. In
the very same Q range, f(Q) of Pdy sCuy;NigsPs;
decreases to only 15% of its value at Q,, [Fig. 3(d)]. In
this range, {z(Q)) is mainly controlled by the Q depend-
ence of the relaxation time and decreases with lower Q,
mirroring the evolution of the S(Q). The distinct crossovers
between the two dynamical regimes could be associated
with the different structural detail of the two alloys and, in
particular, to the stiffer nature of the Pd-based alloy [25]
with respect to the microscopically softer structure of the
AtggCuygo81i63A85 sPdy 5 [26].

We note that in the AuygCussoSijs3AgssPd, s alloy
the evolution of (z(Q)) comes from the marked Q
dependence of both (@) and 7(Q) in the probed Q range,
confirmed by the distinct corresponding ISFs [Fig. 2(a)]. In
stark contrast, the subquadratic dependence of (z(Q)) in
Pdy; 5Cuy7Nig 5P, occurs in a O range, where the corre-
sponding KWW parameters are almost constant with Q’s
[Figs. 3(d) and 3(e)]. The slightly decreases of (Q) at low
(’s is then likely to be the reason of the still marked Q
dependence of the mean relaxation time in this range.
Whether such dependence is real or not is, however,
difficult to establish. As shown in Fig. 4, the decay of
the corresponding ISFs almost overlap with Q, with the

relaxation time basically constant at low Q’s, i.e., far from
the structural contribution (inset of Fig. 4). Furthermore,
the scattering of the data at short times introduces some
noise in the evaluation of #(Q) and 7(Q), which could
affect the probed Q dependencies. This lower signal to
noise ratio (SNR) in the Pdy, sCuy;Nig 5P, data at small
Q’s is due to the limited capabilities of the XPCS technique
at synchrotrons of the 3rd generation and the relatively
fast dynamics of this liquid, which is almost a factor 5
faster than in the Au-based alloy (see also Supplemental
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FIG. 4. Intensity autocorrelation functions measured at the small

@’s in the Pdy, 5Cuy7Nig sP5; at T = 580 K. The inset shows the
corresponding 7(Q).
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Material [22]). Hence, measurements with improved sta-
tistics or in a broader Q range will be necessary to confirm
the observed subquadratic collective dynamics, or instead
point to a Q-independent relaxation mode between the
hydrodynamics limit and the interparticle distance [14],
being the hydrodynamic limit around few pm for the Pd
alloy [47].

In conclusion, we reported a detailed investigation of the
atomic motion in highly viscous alloys close to T,. Both
7(Q) and f(Q) mirror the evolution of the S(Q). While the
slow down of the dynamics is due to the well-known de
Gennes narrowing [29], the substantial decrease of #(Q) at
small QO’s suggests the occurrence of large dynamical
heterogeneities possibly related to medium-range-order
domain fluctuations. A similar but smaller #(Q) evolution
is predicted by the mode coupling theory for hard spheres
[48,49], and has been reported also in high temperature
polymeric liquids [30] and in simulations of supercooled
water [50]. In our case, the collective motion of both liquids
follows a subquadratic dependence from the probed wave
vector, suggesting the occurrence of a complex mechanism
of diffusion and hopping responsible for the particle
motion [42].

The dynamics of metallic glass formers across T, has
been often compared to that of nanoparticles probes in
supercooled molecular and polymeric liquids [51,52]. In
both cases, the glass transition is accompanied by the
emergence of compressed ISFs and distinct aging regimes.
This analogy does not extend to the O dependence of the
dynamics. While the dynamics of nanoparticle probes
evolve from diffusive with stretched ISFs to ballisticlike
with compressed ISFs on approaching the glassy state, our
results show the existence of a distinct mechanism of
particle motion, which appears related to the details of the
amorphous structure in the viscous phase. This different
dynamics contrasts also with the diffusive dynamics
observed in Lennard Jones systems which are often
considered similar to metallic alloys [14]. Studies of the
dynamics across T, and in a broader Q range will definitely
help to elucidate the nature of the glass transition. This will
soon be possible thanks to the current upgrade of coherent
x-ray sources [53,54].
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6. Results and Discussion

In the following section, the main findings of the publications are subsumed and critically
discussed in the context of further unpublished results and other literature references. It shall
provide some deeper insights and more detailed understanding of the interconnection between
kinetic, dynamic, thermodynamic, and mechanical properties with the underlying structure of
the metallic glass. The section focusses on the concept of fragility and will try to discuss its
many faces and what the changes of fragility could be based on structurally and what it is
implying to mechanical properties. The color-coding of the compositions is ranging from green
over yellow to red with increasing Pd and decreasing Pt content, similar to that used in the

Publications I and I11%.

6.1 Kinetic and Dynamic Fragility

6.1.1 Rate Dependence of the Glass Transition

The characterization and classification of glass-forming liquids, especially in the deeply
undercooled state well below the melting point, has been an ongoing research topic in
condensed matter physics for many decades [3,51,121,186]. A well-known scheme to classify
the slowdown behavior of liquids below their melting point is the so-called fragility concept
established by Austen Angell [51,52](see 2.5.4.2). His original definition, based on shear
viscosity, was later extended to include the temperature dependence of other dynamic quantities
such as relaxation time. Due to the similar temperature dependence of e.g. transition kinetics
and liquid dynamics, the original description of fragility is often used synonymously, to
describe either kinetics or dynamics [187]. In the following section, we aim to distinguish
precisely between both phenomena. Therefore, the term “dynamics” is used to describe intrinsic
properties of the (metastable) equilibrium liquid and the a-relaxation process. It is connected to
the dynamic glass transition process, i.e., the frequency dependence of the a-relaxation time of
the undercooled system. In contrast; the concept of “transition kinetics” is used to describe the
glass transition process (devitrification) of a glassy non-equilibrium system back to its

(metastable) equilibrium liquid state and vice versa) i.e., the rate dependence of the kinetic glass

25 In Publication II and IV a similar coding ranging from black to red was used instead.
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transition®® [188,189]. The connection and similar temperature dependence of the dynamic
glass transition and the kinetic glass transition is summarized by the Frenkel-Kobeko-Rainer
(FKR) equation, stating the proportionality between the cooling rate q. and the dynamic
relaxation time 14 [188,190]. With these considerations in mind, the aim of this section is to
present the fragility of twelve Pts5xPdxCuz7NiosP2; alloys based on studies of the rate and

frequency dependence of the kinetic and dynamic glass transition.
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Figure 6-1: Thermograms of standard-treated samples with the composition Pts s.xPdxCu27Nig sP2; with
a) x =7.5,b) x =20, ¢c) x =35 and d) for x = 42.5 for different heating rates spanning from 0.025 to 3
K s-1. Standard treated refers to an initial cooling protocol outgoing from the supercooled liquid (T end

+ 15 K) with a cooling rate identical to the applied heating rate in the scan (qn = qc).

To study the rate dependence of the kinetic glass transition, four compositions
Ptz 5xPdxCu27Nig sP21 with X =7.5, 20, 35, and 42.5 at% are representatively chosen for the
calorimetric study. Each alloy is probed with different heating rates from 0.025 to 3 K min!

26 The kinetic glass transition is often also named as the thermal glass transition.

E] K'1)

heat flow (J g-atom
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according to the protocol described in the section 3.2.3 as well as Ref. [191]. Fig. 1 summarizes
the raw curves for the four alloys measured in this work, while the data for the alloy
Pt42 5PdoCu27Nio 5P21 can be found in Ref. [36]. With increasing heating rate, a clear shift of the
onsets of glass transition and crystallization event to higher temperatures can be observed?’.
Based on the width of the glass transition region Tgend-Tgon and the applied rate g,
Eq. (3.12) yields a timescale of the transition event from the glassy non-equilibrium state back
to the supercooled liquid state. To ease the distinction between the different timescales used in
this work, according to the nomenclature established in Ref. [36], this time is labeled transition
time, Tuans, as it describes the transition event from glassy non-equilibrium to the metastable

equilibrium of the supercooled liquid state.

The resulting transition times for the compositions Pt s5xPdxCux7NiosP21  with
x=0,7.5, 20, 35, and 42.5 at% are summarized on a logarithmic scale as a function of inverse
temperature in panels (a)-(e) of Fig. 2. For each composition, the data is fitted with the empirical

Vogel-Fulcher-Tamann (VFT) equation in the time domain (compare eq. (2.27))

D* - T0>

T (6.1)

©(T) =19 exp (
The pre-exponential factor 1o corresponds to the fastest possible relaxation time in the high

temperature limit (T—o0) of the liquid state.

For the terminal compositions with x = 0 and x =42.5 the pre-exponential factor 1o is calculated
based on viscosity measurements and derived VFT- parameters of Refs. [36,172] and the newly
determined proportionality factor Gi.,. The underlying methodology was applied and is
discussed in detail in Ref. [28], being based on a Maxwell-type equation (compare eq. (2.30)):

n(T) = Ge—y T(T) (6.2)

27 For the given conditions of similar heating and cooling (T = T;) the onset of the glass transition in heating Tg.on
is coinciding with the fictive temperature Ty in cooling.



Results and Discussion

167
temperature (K) temperature (K) temperature (K)
530 525 520 515 510 505 540 535 530 525 520 515 550 545 540 535 530
EPY I T - | A\ = 10°
a)| Y ‘“rans [m] V) “trans v) “trans b
= VFT - fit| / VFT- fitl VIFT-fit]
64 L L
Pt'az scu27Ni9 5P21 A— Pt35Pd7.5cu27Ni§.5P2‘n PtZZ.:’:PdEGCUZTNiG.SPZ‘n
:’f 10°
£ 4
34 /z(d D'=16.7+1.5 D' =16.2+0.6 D' =18.6+0.8
> T,=344+ 10K T,=356+6K T,=352+5K [,
2 /
1.9 1.%001_;_.'5(,?(_1) 196 198 186  1.88 10(;(;9”_ (K_11.)§2 1.94 182 184  1.86 ) 1.88 1.9
1000/T (K
temperature (K) temperature (K) (K"
575 570 565 560 555 550 580 575 570 565
. 1 E j . !. ’ / L10°
d) Ttrans e) <> Ttrans f) Pt42.5-XPchu27NI9.5P21 o °
. - VFT- fit| e VF T- fit|
—_ Pt7.spd35cuz7Ni9,5F 21 F’(’-42.5(A;l"z7i\iiea.spm e
2 54 3
E 2
s 10
£ 4
O X=0 ——X=0VFT
34 ‘ o X=7.5 X=7.5 VFT
D'=16.1%1.1 D'=13.6+0.5 sErmmeEAn
T,=381+7K T,=414+4K | X=35 ——X=35VFT [[4o
24 E > X=42.56 — X=42.5 VFT|
1.74 1.76 1.78 18 182 172 1.74 1.76 178 098 099 1 101 1.02
1000/T (K™) 1000/T (K™) T,/T

Figure 6-2: Natural logarithm of the transition times as a function of inverse temperature obtained by

the measurements of the shift of the thermal glass transition for the compositions Pt 5.«PdxCu27Nig.sP2;

with a) x =0, b) x=7.5, ¢) x =20, d) x =35 and e) x =42.5. In each dataset a respective VFT-Fit and

the resulting fitting parameters are provided. In part f) all transition times and respective VFT-fits are

shown on a T, -nominated inverse temperature scale in an Angell-plot for better graphical illustration

of the fragility.

The intermediate 1o values are calculated based on interpolated proportionality factors G, that

are  weighted  with

the

respective Pt

and

Pd

content

[Geq = (Pt-

content/42.5): Gn(Pts2.5Pdo) + (Pd-content/42.5)- Gin(PtoPd425) ]. An overview of the used

constants and resulting fitting parameters is provided in Table 6-2. For a better graphical

comparison, the data are normalized by T,", which per convention is the temperature, where a

transition time of 100 s is found (Figure 6-2f)). From this so-called Angell-plot, one can directly

read off that the Pd-alloy is the kinetically most fragile liquid within the system.

Ttra\ns (S)
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Figure 6-3: Proportionality factor G:., for the transition times from Tg-hi measurements as a function of
Pd-content for the Pts 5.<Pd«Cu»7Nio sP2; system . The boundary compositions with x =0 and x =42.5

is calculated from viscosity measurements according to Ref. [146]
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Table 6-1: Summary of VFT fitting parameters and constants used for the fitting of dynamic data from

MDSC measurements. The 1o parameter is fixed in the fits. The error describes the fitting error.

Pt content Pd content Gran 10 (MDSC) To (MDSC)
D* (MDSC)

(at%) (at%) (MDSC) (Pa) (s) (K)
4.5 0 3.74x10°  1.07x 107" 15.6+0.4 352 +3
40 2.5 4.65x 108  8.60x 10 154+0.4 356+ 3
35 7.5 6.47x 108  6.18x 10 16.1+0.4 355+3
30 12.5 829x10°  4.83x10 17.0+0.5 353 + 4
25 17.5 1.01x10°  3.96x 10 17.2+0.3 35742
22.5 20 1.10x10°  3.63x 10" 16.9+ 0.9 362+ 6
20 22.5 1.19x10°  3.35x 10 17.3+0.4 362+3
17.5 25 128x10°  3.12x 10 16.2+0.7 372+5
12.5 30 1.47x10° 2.73x 10 159+0.3 381 +2
7.5 35 1.65x10° 2.43x 10" 15.1+0.3 393 +2
2.5 40 1.83x10°  2.19x 10 14.0+0.3 408 + 3
0 42.5 1.92x10°  2.08x 10 14.8+0.3 404 +2

Table 6-2: Summary of VFT fitting parameters and constants used for the fitting of kinetic data from

T,-shift measurements. The to parameter is fixed in the fits. The error describes the fitting error.

Pt content Pd content Gr,tn (Tg- 70 (Tg-shift) To (Tg-
D* (Tg-shift)
(at%) (at%) shift) (Pa) (s) shift) (K)
4.5 0 1.82x 108 2.19x 107 16.7+1.5 344 + 10
40 2.5 2.52x 108 1.58x 1013 / /
35 7.5 3.92x 108 1.02x 10713 163+0.8 356 + 6
30 12.5 532x10% 7.51 x 101 / /
25 17.5 6.72 x 108 595x 107 / /
22.5 20 7.42x 108 539x 107 18.6 0.8 352+5
20 22.5 8.12x 10° 4.92 x 1074 / /
17.5 25 8.82x 10° 4.53 x 1074 / /
12.5 30 1.02x 10° 3.91x 10 / /
7.5 35 1.16 x 10° 3.44x 10 16.9+0.9 381 +7
2.5 40 1.30x 10° 3.07x 1071 / /
0 42.5 1.37x10° 2.92x 10 13.6+0.5 414 + 4
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6.1.2 Frequency Dependence of the Dynamic Glass Transition
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Figure 6-4: Results of the modulated DSC measurements :

a) Reversing heat flow obtained by modulated scanning calorimetry at 0.05 K s with different
modulation periods P for the alloy Pt2gPd22.sCuz7NiosP21. The point of inflection, corresponds to the peak

of the derivative of the reversing heat flow with respect to temperature, marking the dynamic glass
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transition is highlighted by a point in each curve. To illustrate this the derivative for the measurement
with a period of P = 15 s is shown in black. Smaller modulation periods lead to a shift of the dynamic

glass transition to higher temperatures.

b) Logarithmic plot of the dynamic relaxation time obtained by MDSC measurements as a function of
T," (=T(r=100s)) nominated inverse temperature for all twelve alloys with the compositions

Pt42 5.xPdxCuy7Nig sP>; from X =0 to 42.5.

c) m-fragility parameter as a function of Pd-content obtained from linear fits of the dynamic relaxation
times from MDSC measurements on the left axis, combined with the D* fragility parameter obtained by

VFT-fitting of the same data.

For quantification of liquid dynamics, MDSC measurements are used to determine the dynamic
glass transition temperature Tgdyn as a function of applied modulation period P or frequency f
(f=1/P). The influence of the modulation period on the reversing heat flow is depicted in Figure
6-4a). Longer modulation periods lead to a shift of Tgq4yn to lower temperatures, reflecting the
reduced mobility of the atoms in the liquid with lower temperature and its decreasing ability to
react on the external perturbation through the modulation of temperature. The dynamic
relaxation times 14, which represent the average of the relaxation time spectrum of the liquid at
the respective dynamic glass transition temperature for the applied period time P are calculated

by

P
Ta =5 (6.3)
To report the results of all twelve examined alloys a normalization on Ty, similar to the one
used in Figure 6-2f) is chosen, showing the different fragilities of the probed liquids in Figure
6-4b). The data of Pts>5Cu27NiosP2; are taken from Ref. [146]. The data for each alloy are
linearly fitted on the logarithmic scale over the normalized inverse temperature, to obtain the
classical m-fragility values [192]. All data points are per definition fixed at the point of T, and
100 s. The resulting m-fragilities are summarized in Figure 6-4¢) as a function of the respective
Pd/Pt content of the liquid. Intermediate compositions with similar Pt and Pd contents show the
smallest m-fragility, which means they show the dynamically strongest behavior. For reasons
of comparability the data are also fitted with the VFT equation, with the pre-exponential
parameter To being determined similar to that of the kinetic data and according to the

methodology of Ref. [146]. An overview on the used constants and resulting fitting parameters
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is provided in Table 1. The obtained fragility parameters D"are also added on the right ordinate
with reciprocal spacing of Figure 6-4c), showing the exact same compositional trend as the m-
fragility. This further proves the validity of the used methodology of using the VFT-fit in the
time domain based on the determination of the pre-exponential to from viscosity measurements.

A detailed discussion on this topic can be found in Ref. [146].
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Figure 6-5: Transition and dynamic relaxation times over inverse temperature for the compositions Pts, 5.
«PdxCu7Nig sP2; with a) x =0, b) x = 7.5, ¢) x = 20, d) x = 35 and ¢) x = 42.5 with their respective VFT-

fits. In section f) the resulting fragility parameters D" are compared as a function of Pd content.

To compare kinetic and dynamic behavior, both sets of data are depicted in Figure 6-5a)-e) for
five alloys with x =0, 7.5, 20, 35, and 42.5. A clear offset in all alloys can be observed, with
the data from dynamics being found to be faster in comparison to the kinetic data. Similar
observations of a temporal offset between vitrification/devitrification kinetics and dynamics of
the supercooled liquid have been reported in literature [193,194]. Still, the temperature
dependence of both processes, described by the fragility parameters in Figure 6-5f), seems to
be similar within the error of measurement. The larger timescale of vitrification kinetics
compared to dynamics is somewhat expectable. If we take a closer look at the devitrification of

a liquid, being the process of regaining equilibrium, it must be connected to the changes of the
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equilibrium dynamics. Therefore, one can argue that the devitrification process itself is not
expected to be faster than the atomic mobility of the equilibrium system itself at the same
temperature in the end. Although both quantities of kinetic and dynamic fragility seem to be
identical in their value - underlining their intrinsic connection. It is important to clearly

differentiate between them as they ultimately describe different processes.

6.1.3 Description of Fragility in the Viscosity Domain: Creating a

Master Curve for Kinetic and Dynamic Behavior

Finally, the similar temperature dependence of the probed relaxation times allows to create a
master curve that fits the different observed timescales onto the viscosity domain according to
eq. (6.2). In Figure 6-6 the relaxation and transitions times obtained from XPCS, Tg.snitt and
MDSC measurements are converted into equilibrium viscosity values through their individual
proportionality constants Gr., for the two boundary compositions of Ptz sCuz7NigsP2; and
Pd42.5Cu27Ni9 5P2;. It shall be noted that the calculation of G, is based on the VFT-fit obtained
through the viscosity measurements. Hence, the actual viscosity data and the respective VFT-
fits based on the viscosity measurements are depicted. The construction of such a master curve
into the viscosity domain demonstrates the similar temperature dependence of all probed
processes with the different techniques. The combination of all the shown techniques further
allows to cover a large temperature range and dynamic phenomena of around 5 orders of

magnitude.

Further it implies the universality of the measured activation energies for the different methods
used to probe the system. This means that it does not matter whether the devitrification,
connected to the complete change of the relaxation spectrum or simply an average or somehow
weighted portion of the relaxation spectrum is probed at different temperatures. All may yield
a good description of the dynamic/kinetic behavior of the system. In particular the good
measurement statistics during the XPCS experiment of the Pt-based system allowed to probe
the relaxation time on different length scales by measuring at the different wave-vector
positions (main peak and pre-peak data is already in the master curve). This particular data from
XPCS is shown in Figure 6-7, combined with an inset that shows the variation in the to VFT-
parameter as well as the measured structure factor, which is proportional to the scattered
intensity, as a function of the probed wave-vector. All data from the different length scales can

be well described by the macroscopic fragility parameters from the viscosity measurements.
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Figure 6-6: Equilibrium viscosities as a function of inverse temperature determined from relaxation and
transition times from different techniques for a) Pts> sCu7Nio sP2; and b) Pd4z sCuz7Nio sP21. The kinetic
data from T,-shift measurements are combined with dynamic data of MDSC, XPCS [172] and actual
viscosity measurement from 3-point beam bending in TMA (Refs. [36] and [172]). The method-specific
proportionality factors lead to a good agreement of the data with the temperature dependence and

fragility parameters determined from the VFT-fitting of the TMA data.
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The basic fact that these similar activation energies are observable on the different length scales
can be explained by several reasons. The most simple would be the limited variation of length
scale as well as the limited amount of data, being not sufficient to maybe describe the minuscule
variations in the activation energies mirroring the heterogeneity of the deeply supercooled
liquid [103,195]. However, if the measurements do indeed point towards the uniformity of the
activation energy spectrum this could somehow hint towards the often described fractal nature

of the structure of these deeply undercooled liquids[196].
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Figure 6-7: Relaxation times over inverse temperature of Pt-liquid at various wave-vectors . The dashed
lines represent VFT fits using D* and T, parameters obtained from macroscopic viscosity measurements
from Ref. [36], keeping 19 , the minimal relaxation time at infinite temperature, an open fitting parameter.
At all wave-vectors the system is showing a good agreement to the macroscopic fragility parameter. The
variation of 1o as a function of Q is provided in the inset. 1o is following the profile of the total structure

S(Q), which is also included in the inset.
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6.2 Thermodynamic Fragility

Over the years the fragility model was further extended from its purely kinetic and dynamic
point of view to also include thermodynamic aspects. Based on the Adam-Gibbs model, a
concept of thermodynamic fragility was derived. The model allows to relate viscosity, a
dynamic property, to the configurational entropy of the liquid, which is itself a thermodynamic

property [62,197]. A more detailed description is provided in section 2.2.2..

Taking a closer look at the thermodynamics of the PtPdCuNiP system, a smaller jump of the
specific heat capacity at the glass transition in conjunction with a shallower change of the
configurational entropy during cooling with rising Pd content is reported in Publication I,
suggesting an increasingly strong behavior for compositions with higher Pd-content [21]. In the
context of the reported fragile behavior of Pds5Cu27NigsP21 and compositionally close
alloys (e.g. Pd43Cu27NiioP20) [198-200], this finding was already unexpected and seemingly
contradictive and partially motivated the detailed study of the kinetic and dynamic fragility.
The kinetic/dynamic fragilities now available allow for a detailed comparison. Hence, the
inverse fragility parameter 1/D" and the difference in heat capacity between the liquid and the
crystalline mixture at the glass transition, normalized to the glass transition temperature
Acp™(T,)/Ty are reported as a function of Pd/Pt content in Figure 6-8a). The quantity
Acp™(T,)/T, describes the rate of change of the excess entropy AS™ (dAS™/dT |r=te= Acy™/T,
compare eq. (2.32)), which itself is assumed proportional to the change of configurational
entropy. Therefore it can be used as a measure of the thermodynamic fragility [36]. A detailed
reasoning and argumentation on the connection between excess entropy and configurational
entropy can be found in Refs. [21,36]. Due to its different mathematical definition (higher

values imply more fragile behavior), the fragility parameter D" is plotted on a reciprocal scale.
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Figure 6-8: Comparison of kinetic/dynamic fragility with thermodynamic properties :

a) Inverse fragility parameter 1/D" (left axis) as a measure of kinetic fragility and T,-normalized jump
in heat capacity at T, as a total measure of the change in configurational entropy (right axis) as a function
of Pd/Pt content of the Pt 5.\Pd«Cuz7Nig sP>; liquids

b) Scatter Plot of the Te-normalized jump in heat capacity at T, over the inverse of the kinetic fragility
parameter D* of the different Pt 5 xPdxCuz7NiesP2; liquids. A good correlation of the absolute change
in configurational entropy and kinetic fragility is found until a Pd content of ~20 at%. At higher Pd
contents an inverse trend of kinetically more fragile and smaller entropic changes are observed.

¢) Inverse fragility parameter 1/D” (left axis) as a measure of kinetic fragility and Te-normalized jump
in heat capacity at Ty normalized on the entropy of fusion as a measure of the relative change in
configurational entropy (right axis) as a function of Pd/Pt content of the Pts 5.xPdxCu27Nig sP2;1 liquids
d) Scatter Plot of the Tg-normalized jump in heat capacity at Ty normalized to the entropy of fusion over
the inverse of the kinetic fragility parameter D of the different Ptsy 5xPdxCuz7Nio sP2; liquids. A better

correlation of relative changes of entropy and kinetic fragility is found in comparison to the absolute

changes.
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In Figure 6-8a) a diverging trend, starting at the intermediate compositions becomes obvious.
For a better comparison of the kinetic/dynamic and thermodynamic data, a scatter plot of both
quantities is provided in Figure 6-8b). Here, the Ac,™/Ty is plotted as a function of 1/D, so a
more fragile behavior in both parameters is oriented in positive direction of abscissa and
ordinate. For the scattering plot, a good agreement between both quantities is given if the data
can be fitted by a linear function with a positive slope. Until the intermediate concentration of
20 at% Pd the dashed line shows that the trend of the thermodynamic data towards a smaller
Acp™(T,)/T,, reflecting to a stronger behavior, agrees to the kinetic/dynamic behavior. In
contrast, beyond the 20 at% of Pd an increasingly more fragile behavior is observed, while the
system becomes thermodynamically stronger. Here the behavior can be described by the dotted
line with a negative slope, underlining the unexpected trend in the scatter plot. Now the question
arises whether the thermodynamic or kinetic/dynamic estimations of fragility are containing
errors or are misinterpreted. With the kinetic and dynamic fragility data being obtained by two
independent measurements, while also being in line with the reported fragile behavior of the Pt
and Pd-rich systems [36,197-201], we assume the determined kinetic/dynamic fragility to be
accurate and least prone to error. Additionally, since the original fragility concept is based on
dynamic and kinetic properties, we want to use these data as a base for the following discussion.
In this context, the apparent anomalous thermodynamic behavior of the Pd-rich liquids needs

to be resolved.

The first possible resolution for the failure of the correlation between thermodynamics and
kinetics could be found in the inadequacy of the assumption of the changes in excess entropy
being representative for the changes in configurational entropy. The main flaw in this
assumption could stem from different contributions of the vibrational entropy of liquid and
crystal. As we observe a stronger than expected behavior in the Pd-based system, the actual
change in configurational entropy would have to be bigger than observed. Hence, the
vibrational entropy in the crystalline state would have to be significantly bigger than in the
liquid, for the contribution of the configurational entropy to the excess entropy to be
underestimated. However, this would have to stand in a clear contradiction to recent studies by
Fultz et al., that revealed similar vibrational entropies in the crystalline and liquid state for Zr-
based metallic glasses [60]. Based on their findings the excess entropy between the liquid and
crystalline state is dominated by the configurational entropy of the liquid. For an actual
scientific proof in the current case a large set of inelastic neutron scattering (INS) experiments

would be needed to quantify the vibrational entropies of the liquid and crystalline states.
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One thing that stands out in the Pt/Pd system is the fact that the melting enthalpies and entropies
are changing tremendously with Pt/Pd content (compare Figure 6-9). The Pd-rich alloys possess
a much smaller entropy of fusion of 6.1 J g-atom™ K™' compared to the Pt-rich alloys of
11.3 J g-atom™ K'!. In units of the gas constant, R, the Pd alloy has an entropy of fusion of
~0.73 R and the Pt alloy an entropy of fusion of ~1.36 R, , which is suggesting that the enthalpy
and entropy of the Pd-rich liquids are much smaller than those of the Pt-rich liquids (compare
Figure 6-9 and Ref. [21]). According to Richard’s rule, pure metals are assumed to have melting
entropies of around 9.2 J g-atom™ K™! (= 1.2 R) [202,203], which means that Pt shows slightly
higher values, whereas for the Pd-rich liquids it seems to be outstandingly small. Therefore, if
these significant changes can be traced back to different absolute entropic levels of the liquid
state, normalizations are needed to account for it. The idea of different entropic levels is further
supported by presumable structural differences of their liquid states suggested by an earlier X-
ray diffraction study [204]. It proposed the occurrence of different structural motifs, trigonal
prisms in Pt and a larger fraction of icosahedra in Pd, with the latter leading to a strong
icosahedral short-range order, fitting the picture of a significantly small entropic level of the
Pd-rich liquid. All this suggests the necessity of a normalization of the enthalpic
(dH™/dT|r=r¢ = Acp"®(Ty)) and entropic (dS"/dT|r=re = Ac,"8(T)/T¢) changes.

In the context of thermodynamic fragility, similar normalizations on entropy and enthalpy are
reported in literature. There, the necessity of normalization was obtained from random first
order transition theory (RFOT) that was used to derive the thermodynamic equivalent of kinetic
fragility [205,206]. Also, in separate attempts to describe the thermodynamic fingerprint of
fragility, normalizations on the entropy of fusion are utilized, leading to a so called reduced
excess entropy [199,207]. Hence, the relative changes of configurational entropy are rather to

be used for a correlation with kinetic fragility.

One approach can be found in a normalization of the entropic changes Acy™(T)/T; to the
absolute value of the entropy of fusion St (= H¢/ Tiiq)*®. This allows a description of the relative
instead of the absolute changes in entropy. However, to correctly utilize the entropy of fusion,

assumptions need to be made. Most importantly, the entropic levels of the crystalline mixtures

28 It should be noted that the use of the liquidus temperature to derive the entropy of fusion, implies the assumption
of thermodynamic equilibrium (AG™ = 0) between the liquid and crystalline phases of the system. However,
especially in off-eutectic systems it has to be remembered that this assumption can be worse compared to near-
eutectic systems with small melting intervals (Tiiq-Tsolidus)-
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with changing Pt and Pd content need to be similar. To review the validity of this assumption
it is needed to look at the contributions to the total entropy of the liquid compared to the
crystalline mixture. It can be split into a vibrational Syiy and a configurational part Sconr. With
the alloys possessing similar liquidus temperatures [21], the difference in the vibrational term
can be assumed similar in a first approximation. Nevertheless, the configurational entropy of
the crystalline mixtures may differ. In a first order approximation, the configurational entropy
of the crystal is determined by the entropy of mixing and thus mostly influenced by the number
of components and its relative ratios. Taking a closer look at the terminal compositions, both
possess the same number of components (four) in similar ratios, which should lead to similar
configurational contributions due to the entropy of mixing. Still, it must be noted that in the
complex multicomponent systems at hand the final crystallization product is consisting of a

multi-phase crystalline mixture.
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Figure 6-9: Entropy of fusion as a function of Pd content for Pts, s.xPdxCuz7Nig sP,; . Data reproduced
from Publication I [21].
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Based on the provided arguments, we see its use as the best option in the attempt to have a
reference state to compare the absolute entropic states of the liquids. Finally, the inclusion of
the entropy of fusion considers the tremendous change of the melting entropies (and enthalpies)
of the systems, which probably cannot solely be explained by a change of entropy in the
crystalline mixtures, but rather by a different entropic level of the liquids. The normalization
on the entropies of fusion seems to resolve the mismatch at higher Pd contents and leads to an
improved matching trend to the kinetic fragility, depicted in Figure 6-8c) and d). The
normalization to the entropy of fusion (Figure 6-8c) now leads to a good match of the trend of
kinetic/dynamic and thermodynamic fragility on the Pd rich side as well based on the
aforementioned derivations of RFOT theory from Refs. [205,206]. The Pd-rich liquids shows
small entropic changes on an absolute scale, but significant changes compared to the already

small configurational entropy at the melting point reflecting its kinetically fragile behavior.
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6.3 Structural Fingerprints of Fragility

Based on these entropic considerations, large efforts were made to identify a structural
fingerprint or signature of fragility in metallic liquids. Numerous studies investigated the
temperature evolution of structure in the supercooled liquid state by utilizing high-energy
synchrotron diffraction [50,54,79,96,208-211]. For deeply undercooled multicomponent BMG
forming liquids, it was shown that structural changes on the medium-range order length-scale
(> 8 A) seem to mirror well the kinetic fragility determined through macroscopic experiments
(compare section 2.5.4) [96]. Especially the volume dilation of the 3™ and 4™ coordination shell,
scaling between 8 and 12 A, showed strong correlations with kinetic fragility. Nevertheless,
detailed knowledge on the microscopic mechanisms that could be summarized to a microscopic
structural signature of fragility in metallic melts is still missing. Due to the high complexity of
such multicomponent systems, systematic variations of the composition can be a vital tool for
case studies. In the following, the structural signature of fragility is evaluated for all alloys in

the context of the structural fragility parameter, ms.* +>, proposed by Wei et al. [96].
6.3.1 Structural Fragility Parameter of SCL upon heating

Figure 6-10a) shows the volume dilatation €4.3 for a selected number of alloys in the supercooled
liquid region upon heating. The solid lines are obtained by linear fitting, averaged from at least
three measurements for each alloy obtained in the Linkam THMS600 furnace as well as in the
ceramic furnace during different beamtimes (compare section 3.3.2). For reasons of clarity,
only data points from a single measurement run, are shown for each selected composition. A
variation in slope is seen, with decreasing steepness for increasing Pd contents. The respective
results of the averaged structural fragility ms."*+> are summarized as a function of Pd/Pt content
in Fig. 5b). The quantitative correlation between the kinetic m-fragility parameter mxinetic,cale
and mg"'** described in eq. (2.41), can be read off from the right ordinate of Figure 6-10b). A
small value of my"*> means almost no dilation between the 3™ and 4™ shell and is connected
to a strong behavior and vice versa for fragile liquids. Up to a concentration of about 20 at%

Pd, a clear trend towards a smaller mg"* can be observed, suggesting an increasingly strong

V43 remains almost constant at values around

behavior. At higher Pd contents, the value of mg«
0.015 and 0.02, with a slight drop to 0.013 for the terminal composition Pd4, 5sCu27Nig sP21,

exhibiting the strongest structural fragility behavior.
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Figure 6-10: The structural fragility model of Wei for Pts, 5. xPdxCuz7Nig sP>; liquids :

a) Structural evolution of the Pt 5«PdxCuz7Nig sP2; liquids with different Pt/Pd contents just above T,
represented by the volume dilation &4.3, reflecting the change of the local volume V4.3 between 13 and 14
of the reduced pair distribution function G(r). The lines are based on the average slope from linear fits
of all data of the respective alloys, corresponding to the structural fragility parameter mg.

b) Structural Fragility m: as a function of Pd content. All data points are averages of at least three
measurements. Based on the empirical correlation of  Wei et al. [96]
(Miineticscale = (Mgt ¥ 434+0.124)/2.95%107)) also the expected kinetic fragility is depicted on the right

ordinate.

To investigate the agreement between the structural fragilities are plotted over the inverse
kinetic fragility parameter 1/D" determined in the previous sections and the Publications I and
11, the empiric correlation of Wei et al.?’ (solid line) and the data from Ref. [96] (compare Figure
2-21) is added and the data of the structural fragility is added. On the Pt-rich side (green to
yellow) a good agreement to the correlation is found. However, on the Pd-rich side a failure of
the correlation is observed®®. Here the structural data, with its smaller changes on the MRO
length scale suggests a much stronger behavior in comparison to that observed in the kinetic

and dynamic measurements. So, the question arises, how this apparent structural strong

2 The original data was plotted with the m-fragilities. Here the actual D* values from Ref. [96] are used and the
correlation is recalculated with 1/D".

30 It should be noted that the original correlation of Wei et al. in Ref. [96] was established without a Pd-containing
system.

kinetic,calc

m
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behavior in the Pd-rich systems, which is deduced from the small volume dilatations on the
MRO length scale, can be understood in light of the fragile appearance observed in its
kinetic/dynamic and thermodynamic behavior. Such fragile behavior should rather be reflected

by significant changes on the MRO length scale.
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Figure 6-11: Empirical connection of the inverse of the kinetic fragility parameter 1/D" and the structural
fragility parameter . Reproduced after Wei et al. [96] with the addition of the fragilities determined for
the Ptsn5xPdxCu27Nig 5P2; liquids.

6.3.2 Structural Changes on Different Length Scales

To better understand the apparent misfit of the structural fragility model of Wei et al. for the
Pd-rich liquids, a closer and more detailed look on the thermal evolution of structure in the
Pt/Pd-Cu-Ni-P systems at different length scales is needed. This is of particular interest as, the
topologically equal sub-systems of Pt-rich on the one side and Pd-rich alloys on the other side
seem to feature significant differences in their structure. While for the Pt-rich systems a

significant degree of medium-range order (MRO) is suggested, manifested mainly in a
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structural pre-peak to the first sharp diffraction peak (FSDP) in the total structure factor
S(Q) [41], the Pd-rich systems seem to possess a pronounced icosahedral short-range
order (SRO) [204]. Ultimately, as mentioned above, previous studies by our group suggest the
existence of different dominant structural motifs. The experimental data indicate that for Pt-
rich compositions, trigonal prisms are the most prominent structural motifs, and with rising Pd
content the number of icosahedra is growing, ultimately becoming the dominant structural unit.
The trigonal prisms in the Pt-rich alloys can be seen as the key to form a repeating unit on
scattering lengths larger than the FSDP, therefore increasing the degree of MRO significantly.
A more detailed discussion on the structure can be found in Publication IV [204]. The goal of
this subchapter is to monitor the structure and the thermally induced structural changes in the
Pt-Pd-Cu-Ni-P system for peculiarities that might relate to the unexpectedly small changes on
the MRO length scale of the Pd-rich systems.
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6.3.2.1 Structural analysis in Reciprocal Space:

6.3.2.1.1 Analysis of the FSDP at Room Temperature

The simplest approach to analyze the structure is the monitoring of the first sharp diffraction
peak. Following the work of Ma et al [196], already a significant amount of information on the
MRO is contained in the FSDP [212]. Therefore, the focus of the structural analysis in

reciprocal space is put on the FSDP.
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Figure 6-12: Comparison of macroscopic and microscopic density in Pt s x<PdxCuz7Nig sP2; .

Average atomic density of the glassy state at room temperature derived from the cube of the position of
the first sharp diffraction peak Q,® as a function of Pt/Pd content in Ptss 5xPdxCu27Nig sP2; in colored
open squares. The error bars of the FSDP position correspond to the standard deviation during ten
consecutive diffractograms. The diffraction data is combined with macroscopic density measurements
in black full circles applying the Archimedean method. The error bars of the density measurements

reflect the standard deviation of five consecutive measurements.
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In a first attempt, the evolution of the peak position of the FSDP as a function of composition
can be analyzed. It allows to study the changes of the average distance between the atomic
ensembles. Analogous to considerations by Yavari et al. [92] and eq. (2.36) the cube of the
position of the FSDP describes an atomic density. In Figure 6-13, the changes of Qrspp® with
changing Pt/Pd content is depicted together with the measured macroscopic density at room
temperature of the same alloys. The density was measured using the Archimedes method.
Whereas the density is declining with growing Pd content, which can be traced back to the
smaller atomic weight of Pd compared to Pt, the atomic density remains quite similar on the Pt-
rich side and then increases with Pd. This suggests, especially considering the similar
topological size of the Pt and Pd atoms, that the Pd-rich systems are denser packed from an

atomistic point of view, while showing a smaller mass-density.

To clearly investigate the effect of packing the packing fraction ¢ is calculated by [213]:

© = Vatomic
(6.4)

with Vaoemic being the weighted mean atomic volume®! and n being the number density, which

is calculated by:

n=—y (6.5)

When comparing the actual packing fraction as a function of composition a similar picture to
the atomic density from the diffraction data is revealed. The packing fraction rises substantially
with increasing Pd-content. The packing fraction is becoming close to that of a bcc crystal,
which has a packing fraction of around 68 %. This effective packing is partially represented by
the location of the FSDP and aligns with the outstanding glass forming ability of the Pd-rich
systems. The high packing fraction also fits the observed small free volume of the glassy state
derived from enthalpic considerations of Publication I [21], together with the small driving

force towards crystallization.

31 For the atomic radii the values of the ECM model are used, shown in Table 2-1.
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Table 6-3: Results from density measurements and molar mass calculation and the related results of

average atomic volume and packing fractions assuming the atomic radii from the ECM model.

avg
Pt Pd density molar number .atomic packing 1
mass density fraction
volume??
at% at% g cm? gmol!  x10?? cm? A3 / Al
42.5 0 13.63 112.146 7.32 8.89 0.65  2.8689
40 2.5 13.43 109.93 7.35 8.89 0.65 2.8680
35 7.5 12.82 105.497 7.32 8.91 0.65 2.8695
30 12.5 12.39 101.064 7.38 8.92 0.66  2.8699
25 17.5 11.81 96.631 7.36 8.93 0.66  2.8696
22.5 20 11.68 94.415 7.45 8.94 0.67 2.8722
20 22.5 11.42 92.198 7.46 8.94 0.67  2.8715
17.5 25 11.01 89.982 7.37 8.95 0.66  2.8726
12.5 30 10.76 85.549 7.57 8.96 0.68  2.8741
7.5 35 10.00 81.116 7.42 8.97 0.67  2.8780
2.5 40 9.53 76.683 7.48 8.98 0.67  2.8800
0 42.5 9.32 74.467 7.54 8.99 0.68  2.8805

32 based on the average atomic size derived from the ECM model radii, shown in Table 2-1.
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Figure 6-13: Packing density at room temperature based on X-ray diffraction experiments .

Average atomic density derived from the cube of the position of the first sharp diffraction peak Q,° as a
function of Pt/Pd content in Pt4, s.xPdxCu,7Nio sP>; and the packing fraction derived from the atomic radii
of the ECP model and the measured density from Archimedes method. The error bars of the FSDP
position correspond to the standard deviation during ten consecutive diffractograms. The error bars of

the density measurements reflect the standard deviation of five consecutive measurements.
6.3.2.1.2 Thermal and Compositional Evolution of the FSDP

More information can be gained when studying the evolution of the FSDP as a function of
temperature. In the following, all samples shown have undergone a standardizing treatment of
being heated with 0.33 K s! into the SCL at a temperature of Tgend + 15 K followed by a
controlled cooling with the same rate down to 50 °C. This treatment creates an equal thermal
history for all samples, while also limiting relaxation events during the second heating, similar
to the treatment for the Tg-shift method (compare section 3.2.3). In Figure 6-14 the evolution
of the FSDP during this heating protocol is shown for the Pt4, sCu27Ni9 sP21 composition. The
depiction demonstrates well the different sensitivity of the parameters describing the evolution

of the shape of the peak. Especially the variation in the differences between the initial fast
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quenched as-cast state (0.5 mm thickness translate to an estimated cooling rate of ~4000 K s
176]) and the slowly cooled one are significant. Whereas the peak position remains almost
unchanged between the different relaxation states of the glasses, the peak height S(Q) and the
full-width at half maximum FWHM(Q) are significantly influenced by it (changes of ~ 2.5%).
During heating, a change in slope can be observed in all three quantities, when the glassy state

is left and the supercooled liquid state is reached.

In the first heating run, the structural relaxation is visible in all quantities, but to a different
degree. The reduction in enthalpy and free volume during the relaxation leads to a densification
that results in a shift of Qi towards higher values. It also results in a higher degree of order that
is visible in a growth of S(Qi) and a sharpening of the peak, leading to a decrease in
FWHM(Q)). For a better understanding, the calorimetric trace of both the 1% heating (as-cast
state) and 2" heating (“standardized” state) is shown in Figure 6-15, highlighting the different
behavior below the glass transition temperature. In particular, this different behavior is
characterized by the structural relaxation of the fast quenched as-cast sample marked by a

shaded area in Figure 6-15.
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Figure 6-14: Evolution of the first sharp diffraction peak during heating and cooling with 0.33 K s in
an in-situ high energy synchrotron X-ray diffraction experiment of Pts, sCuz7NigsP2;. The shape of the
peak is described using the different parameters of a) peak position Q, peak height S(Q,) and full-width
at half maximum FWHM(Q1). An initial heating into the SCL to Tgena +15 K (black) is used to erase the
thermal history of the casting (0.5 mm plate), followed by a controlled cooling to 50 °C and a

consecutive 2nd heating, until the sample crystallized.
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Figure 6-15: Heat flow of 0.5 mm plates of Pts> sCu»7Nio 5Py at a heating rate of 0.33 K s™! obtained from
differential scanning calorimetry comparing the as-cast and “standardized” state, which was obtained
through a defined cooling with -0.33 K s”! from the SCL (Tgenat15 K). The shown curves mimic the
heating protocol used in the synchrotron study in Figure 6-14. Both states differ significantly in the
amount of structural relaxation before the onset of the glass transition (grey area), as well as the enthalpic
overshoot before Tgena is reached. For reasons of clarity the cooling curve is left out. The dotted line

marks the baseline of zero heat flow, indicating the difference between endo and exothermal processes

For a better understanding, the enthalpic difference between the two states is calculated by
integrating the DSC-traces of Figure 6-15. The resulting enthalpic trajectories of both states
during heating are depicted in Figure 6-16, combined with the excess enthalpy between the
liquid and crystalline state determined from the thermodynamic analysis of Publication I [21].
The excess enthalpy is used to align the integrated heat flow curves in the supercooled liquid
state, providing the integration constant that creates the enthalpic offset between both states.
The enthalpic description shows nicely the different states of as-cast and standardized sample,
as well as the amount of enthalpy relaxation that is occurring during heating. While the
exothermal signature of the relaxation is well visible in the structural signal of Figure 6-14,
particularly regarding the FWHM, the endothermal signatures in the second heating below the
glass transition (starting at around 430 K) are not. The endothermal signatures are possibly

related to a B-relaxation process [214-216]. However, together with the enthalpic overshoot or
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enthalpy recovery before the equilibration [64], they remain invisible in the structural data. This
missing signature could be related to the nature of the relaxation process itself. The B-relaxation
process is often associated with the remaining mobility of the smallest and the most mobile
atomic species in the glassy system, indicated by similar activation energies of the the B-
relaxation process and the hopping of the smallest atoms [217]. In the case of the underlying
system, this would be the P atoms, which remain almost invisible in X-ray studies compared
with the other constituents (compare Figure 6-30). Thus, assuming that the endothermal process
is governed by the motion of the P atoms, suggested for similar Pd-Cu-Ni-P compositions in
Ref. [217] it should not be detectable in the structural data (compare to the small impact of the

P-containing pair correlations in Figure 6-30).
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Figure 6-16: Enthalpy of 0.5 mm plates of Pts> sCu27Nio sP2; at a heating rate of 0.33 K s! obtained from
differential scanning calorimetry comparing the as-cast and “standard-treated” state , which was
obtained through a defined cooling with -0.33 K s! from the SCL (Tgenat15 K). The shown curves
mimic the heating protocol used in the synchrotron study in Figure 6-14. Both states differ significantly
in the amount of structural relaxation before the onset of the glass transition (grey area), as well as the

enthalpic overshoot before Tgend i reached. For reasons of clarity the cooling curve is left out.
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Further comparison of the structural state (the FWHM of the FSDP) created by different cooling
or annealing with its enthalpic signature obtained in calorimetry can be found in the Appendix

for Pt42.5Cu27Nio 5P21 in Figure 8-5 and Figure 8-6.

6.3.2.1.3 Thermal Evolution of the Peak Position of the FSDP

temperature (K)

300 400 500 600 700
g Pty 5.xPdxCuy7Nig 5P2q -
0.002 0 x=0
] x=2.5
— o x=7.5
& ] x=12.5
© x=17.5
g x =20
= X = 22.5
o X =27.5
i Pd-content | @ Xx=32.5
o x=37.5
- o x=40
o x=42.5

! 1 ! 1 ' ] ' 1
0 100 200 300 400
temperature (°C)

Figure 6-17: Relative change of the position of the FSDP of the total structure factor S(Q) as a function
of temperature for Pts>.5.xPdxCu27NiosP2; upon heating with 0.33 K s!. For all compositions the glassy
state created after being cooled by 0.33 K s from the supercooled liquid state (“standardized”) at a

temperature of 50 °C is used as a reference state

In the following section, the thermal evolution of the FSDP for all different Pt/Pd compositions
is examined, in particular focusing on the glassy and supercooled liquid state. All following
data is recorded from samples in the standardized state that was initially cooled at the same rate
that is used to probe it (0.33 K s!), eliminating relaxation effects (compare 2" heating of Figure
6-14). For a better comparison, a normalization on the initial state at 323 K/50°C is used. The
evolution of the first peak positions, depicted in Figure 6-17, shows a bending at the glass

transition temperature for the Pt-rich compositions (compare Figure 6-14). This bending is
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typically observed for metallic glasses when they are undergoing the glass
transition [92,151,218,219]. However, the difference between the slope in the liquid and glassy
state becomes less significant with increasing Pd content, with slight outliers in the
compositions with 37.5 and 40 at% Pd. A similar phenomenology, of similar slopes of the
glassy and liquid states, has been reported in literature for similar Pd-Cu-Ni-P

compositions [37,220]
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Figure 6-18: Relative change of the inverse cube of the position of the FSDP of the total structure factor
S(Q) as a function of temperature for Pt sxPdxCu7NiosP>1 upon heating with 0.33 K s™'. For all
compositions the glassy state created after being cooled by 0.33 K s™! from the supercooled liquid state

(“standardized”) at a temperature of 50 °C is used as a reference state

A more graphical interpretation can be derived from the temperature dependence of the inverse
cube of the position of the FSDP. In a first approximation it allows a determination of the
thermal expansion coefficient based on eq. (2.36) [92]. For a better distinction between the
glassy and liquid data the glass transition temperature and the linear fits of the glassy and liquid

state are shown for each composition in Figure 6-18. The results of the linear fits of the glassy
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state (a), the supercooled liquid state (b) and the ratio out of both slopes (c) are summarized in

Figure 6-19.

In the glassy state, a slight increase of the thermal expansion coefficient from the XRD
experiment oun xrp is observed, reaching a plateau at ~ 4.4 10 K'!. The value of the thermal
expansion of the Pts> sCuz7Nio sP21 determined from the diffraction data ounxrp =4.18 107 K! is
in reasonable agreement with the value of o obtained through dilatometry ounpi = 3.95 10°
K! [78] Further similar values of ounxrp = 4.21 10 K'! are reported for the compositionally
similar Pd43Cu27NiioP20 composition [220]. With respect to the slope in the liquid state, a
different trend is observed. The smallest changes are located in the intermediate composition
with almost equal Pt/Pd. However, the evolution of Qi in the SCL cannot be interpreted as
reliable thermal expansion coefficients, as the assumption of a static system [92], that is not
undergoing structural changes may not be valid in the SCL region anymore. To account for the
relative changes, the ratio out of both slopes of Qi in the glassy and the SCL state are depicted
in Figure 6-19. The V-like shape of this ratio as a function of Pd content is partially reminiscent

of the course of the fragility over Pt/Pd content (compare Figure 6-8).
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Figure 6-19: Linear fit of the relative change of the inverse cube of the position of the FSDP of the total

structure factor S(Q) as a function of temperature for Pt s xPdxCu27Nig sP2; upon heating with 0.33 K s™!

in the glassy state (a) and the liquid state (b). The ratio between both slopes, shown in c¢) describes the

change of slope associated with the glass transition
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6.3.2.1.4 Thermal Evolution of the Peak Height of the FSDP

Another metric of the FSDP to consider is the change of the peak height S(Q1) with temperature,
depicted in Figure 6-20. S(Q) can be considered as an indicator of the degree of order present
in the system, as an infinite value of S(Q) is considered in the case of a crystalline perfectly
long-range ordered system creating a Bragg-peak. On the other hand, when S(Q) would strive
towards unity if no structural order would be observable in a system. Hence, the decrease in
S(Q) can be related to a growing disorder of the system [93]. Different to the peak position the

typical change of slope is observed at T for all compositions.

During heating of the already standardized glassy state no significant relaxation is observed and
just a small decrease in the peak height is expected (compare to the difference of relaxed vs.
unrelaxed state in Figure 6-14). This negative slope is gradually becoming steeper for higher
Pd contents revealing a linear trend, which is summarized in Figure 6-21a). In contrast, for the
supercooled liquid state above T a much faster decrease of the peak size can be observed. This
fact is connected to the regained degrees of motion of the liquid that allow more significant
rearrangement and go in hand with a decrease of order during heating. Interestingly the steepest
slopes are here observed in the intermediate section of the compositional Pt-Pd axis. When just
comparing the ratio between the slopes dS(Q1)/dT of the glassy and liquid state a similar picture
is drawn, with the intermediate compositions possessing a more than 6 times steeper slope in
the SCL state compared to the glassy state. However, this if the changes of S(Q) are actually
related to the order that is lost in the system during heating or the amount of order that is created
during cooling, assuming the changes of S(Q) give us an indication on the order of the system,
we would rather expect a different picture. As the intermediate compositions e.g. Ptz sPd2o
feature the strongest behavior, their relative change in order should behave similarly if a

correlation would be present (compare Figure 6-4 and Figure 6-5).
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Figure 6-20: Relative change of the peak height of the FSDP of the total structure factor S(Q) as a
function of temperature for Pts, 5.xPdxCu27Nio sP21 upon heating with 0.33 K s™!. For all compositions the
glassy state created after being cooled by 0.33 K s! from the supercooled liquid state (“standardized”)

at a temperature of 50 °C is used as a reference state
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Figure 6-21: Results of the slope obtained by linear fitting of the relative change of the height of the

FSDP of the total structure factor S(Q) as a function of temperature for Ptz s<PdxCuz7NigsP2; upon

heating with 0.33 K s’ in the glassy state (a) and the liquid state (b). The ratio between both slopes,

shown in ¢) describes the change of slope associated with the glass transition
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During heating of the already standardized glassy state no significant relaxation is observed and
just a small decrease in the peak height is expected (compare to the difference of relaxed vs.
unrelaxed state in Figure 6-14). This negative slope is gradually becoming steeper for higher
Pd contents revealing a linear trend, which is summarized in Figure 6-21a). In contrast, for the
supercooled liquid state above Tg a much faster decrease of the peak size can be observed. This
fact is connected to the regained degrees of motion of the liquid that allow more significant
rearrangement and go in hand with a decrease of order during heating. Interestingly the steepest
slopes are here observed in the intermediate section of the compositional Pt-Pd axis. When just
comparing the ratio between the slopes dS(Q1)/dT of the glassy and liquid state a similar picture
is drawn, with the intermediate compositions possessing a more than 6 times steeper slope in
the SCL state compared to the glassy state. However, this if the changes of S(Q) are related to
the order that is lost in the system during heating or the amount of order that is created during
cooling, assuming the changes of S(Q) give us an indication on the order of the system, we
would rather expect a different picture. As the intermediate compositions e.g. Pt22 sPdao feature
the strongest behavior, their relative change in order should behave similarly if a correlation

would be present (compare Figure 6-4 and Figure 6-5).

6.3.2.1.5 Thermal Evolution of the Peak Width of the FSDP

The third quantity that can be used to describe the shape of the peak is the width of the peak,
namely the FSDP. In Figure 6-22 the change in the FWHM is shown during heating of priorly
standardized samples with varying Pt and Pd content. Here almost no change in slope is visible
in the glassy state, being in line with an assumable isoconfigurational of the well relaxed glass
below the glass transition. It is followed with a strong bending at the glass transition temperature
showing a significant change of slope. The course of the curves schematically resembles the
course of the enthalpy or entropy assumed for the same temperature range. The curves are
evaluated by linear fits of the glassy and the supercooled liquid state, with the results being
summarized in Figure 6-23. The evaluation of the linear fits for the glass state shows a linear
trend with increasing Pd content similar to the peak height or position. The liquid state however
shows a plateauing behavior on the Pt-rich side, followed by a decrease in the slope on the Pd-
rich side. The ratio between the slopes of liquid and glassy state is dominated by the liquid

trend, as here the changes of slope during the unfreezing of the glass are in the range 38-20.
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Figure 6-22: Relative change of the full width at half maximum (FWHM) of the FSDP of the total
structure factor S(Q) as a function of temperature for Pts> 5«PdxCu27Nig sP2; upon heating with 0.33 K s,
For all compositions the glassy state created after being cooled by 0.33 K s™! from the supercooled liquid

state (“standardized”) at a temperature of 50 °C is used as a reference state

However this behavior mimics quite well the results from our thermodynamic analysis,
regarding the change of the configurational entropy, which was assumed by the Tg-normalized
jump of the heat capacity at the glass transition temperature c,™(T,)/T,. It seems as if the
changes in the FWHM are closely connected to the changes in configurational entropy. In the
end we assume that this is closely connected to the changes of the dominant structural motifs,
away from the MRO-promoting trigonal prisms towards the higher number of icosahedra that
lead to a very stable icosahedral SRO [21,152]. The topic is briefly discussed in Publication I,
with an adapted plot being shown in Figure 6-24.
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Figure 6-23: Linear fit of the relative change of the full-width at half maximum of the FSDP of the total
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change of slope associated with the glass transition.
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Figure 6-24: Comparison of the changes in FWHM of the FSDP and thermodynamic data:

a) First derivative of the full width at half maximum (FWHM) of the FSDP of the total structure factor
S(Q) with respect to temperature dI'/dT for the different Pt s«Pd«Cuz7NigsP21 upon heating with
0.33 K s (left axis) and the difference in specific isobaric heat capacity between liquid and crystal
normalized by the glass transition temperature Ac,™ (T,)/T,. for the different Pty 5-xPdxCur7Nig sP21 upon
heating with 0.33 K s (right axis).

b) Scatter plot of the change in FWHM with temperature dI'/dT over the by T, normalized difference in
specific isobaric heat capacity between liquid and crystal Ac,"™ (T,)/T,. The latter describes the rate of
loss of configurational entropy at the glass transition, ultimately being a measure of the thermodynamic
fragility. A strong correlation of both quantities with an R2-value of 0.92 was achieved, hinting towards

at least a qualitative correlation within the system. Adapted from Ref. [21]
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6.3.2.2 Structural Analysis in Real Space
6.3.2.2.1 Changes on Different Length Scales

Based on the aforementioned change of type and especially size of the dominant structural
motifs, it could be possible that the dominant length scale of structural rearrangements is also
changing with Pd-content. If this would be the case, the failure to use the changes in MRO to
describe the fragility of the system could be traced back to the dominance of such a significant
SRO in the liquid. One way get actual special information is the transformation of S(Q) to the
reduced pair distribution function G(r), briefly described in section 3.3.1. It allows to directly
compare structural changes on the different length scales of nearest neighbors and higher orders

of surroundings.

All S(Q) data used in the prior correlations is transformed into G(r). The focus of this part of
the work is the supercooled liquid state and the glassy state is put out of the focus. To determine
the thermally induced changes on the different length scales, the first four peak positions r; with
1=1,2.1,2.2, 3,4 of G(r) are analyzed for the supercooled liquid region. It shall be noted that
the 2™ peak of G(r), also representing the connection of neighboring clusters [88], splits up into
two distinguishable sub-peaks, indicated by 2.1 and 2.2. To quantify the thermal expansion of
each shell, normalized to the glass transition temperature, the slope my = dri/(dT/Ty) is
determined by linear fitting of the data in the supercooled liquid above the glass transition, until

the onset of crystallization.
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Figure 6-25: Relative change of the peak positions of the reduced pair distribution function of a) r4, b)
13, ¢) 1.1 and 125 and d) 11 on a T,e-scaled temperature axis for five chosen alloys of Pts sxPdxCu»7Nio sP2;
with x =0, 7.5, 20, 35 42.5. While the biggest absolute relative changes are observed for Pt-rich alloys
on the length scales of r3 and r4 the opposite is the case on the smallest length scales of 1> and r;. The
black arrows within the figures indicate the changes with rising Pd-content. The large arrow on the side
of the figure underlines the changes of the representative length scale from around 3 A at the FSDP up

to around 10 A at the 4™ peak position.
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In Figure 6-25a)-d) the resulting linear thermal expansions of the different atomic shells my; are
depicted as a function of Pd content. The error bars represent the standard deviation of the fitting
results of at least three independent measurements. The changing temperature dependence of
the peak positions in the SCL on the different length scales with different Pt/Pd content is
graphically summarized in Figure 6-25 e)-h), where the relative changes of the peak positions
for five representative alloys are shown on a Ty normalized scale. Here it becomes obvious that
with an increasing amount of Pd the changes on the 3™ and 4™ shell decrease by a factor of
three, until a Pd content of 20 at% is reached. On the Pd-rich side then the changes remain on
a similarly low level. In contrast, on the smaller length scales of r1 and r2 an opposite behavior
is revealed. On the first and second shell the thermal expansion is growing with rising Pd ratio,
until a Pd content of around 20 at% is reached. For the Pd rich alloys the absolute changes are
the biggest but remain constant with composition. For the Pt-rich alloys, the most significant
thermally induced structural changes are happening on the 3™ and 4" shell, corresponding to a
length scale of 6 - 10 A, associated to MRO. In contrast, the Pd-rich compositions feature the
most significant changes at the 1% peak of G(r), associated to the nearest neighborhood of atoms
in the clusters and therefore SRO. When referring to the structural fragility model proposed by
Wei et al. this agrees well with their observations: While for fragile systems, large changes on
the MRO length scale are observed, strong systems show larger changes on the length scale of
SRO, while almost no expansion on the MRO length scale is observed. So, in terms of the
structural fragility model of Wei et al., the Pd-rich compositions meet all criteria of a strong
system, whereas in terms of kinetics, dynamics, and thermodynamics, they are characterized by

increasingly fragile behavior.
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Figure 6-26: Slopes my of linear fitted change of the different peak positions of the reduced pair
distribution function a) 14, b) 13, ¢) 12,1 and 12, and d) r; of the reduced pair distribution function G(r)
with respect to temperature in the supercooled liquid above the glass transition measured in heating at a
rate of 0.33 K s! as a function of Pd-content. The black arrows within the figures indicate the changes
with rising Pd-content. The large arrow on the side of the figure underlines the changes of the

representative length scale from around 3 A at the FSDP up to around 10 A at the 4™ peak position.
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6.3.3 Structural Fragility Parameter of the Liquid upon Cooling

The excellent glass-forming ability of Pd-rich liquids with Pd contents above 35 at% allows
X-ray diffraction data to be recorded during cooling from above the liquidus temperature to
below the glass transition temperature without the interference of crystallization. The high
temperature measurements were carried out in the ceramic furnace (Pd425Cu27Ni9sP21) and the
Linkam TMS1500 furnace (Pt 5sPd40Cu27NiosP21 and Pt75Pd3sCuz7Nig sP21) (compare section
3.3.2). Based on these measurements the volume dilation between the 3rd and 4th shell €4.3 is
reported on a Tg-normalized inverse temperature scale in Figure 6-27a)-c) for these three alloys
featuring the highest Pd content. In the high temperature range, a much steeper slope is observed
for all three alloys followed by a marked flattening of the slope around Tg/T ~ 0.8. While the
low temperature data is fitting the determined structural fragilities from the former experiments
upon heating (compare Figure 6-10a)), the much steeper slope at higher temperatures is
correlating to the expected more fragile behavior of the kinetic and dynamic experiments,
visible in the depiction of all structural fragilities together with the classical kinetic and dynamic

ones.

On the first glance these apparent changes in structure might suggest the occurrence of a
dynamic crossover, often associated with a liquid-liquid phase transition (LLPT), reported in
numerous metallic and non-metallic liquids [151,221-227], where the change from a fragile
high temperature phase to a strong low temperature phase is observed. However, it does not
seem to be the answer to the observed behavior in this case for several reasons. The strongest
argument against such a LLPT is the fact that all fragility values, kinetic/dynamic and
thermodynamic, showed the fragile behavior already in the temperature region, where the
structurally strong behavior was observed. If the system would be changing its behavior due to
a LLPT it should behave similarly regarding its fragility if the same material of the same state
is probed®. The argument that both the kinetically fragile and structurally strong behavior was
observed in samples with the same thermal history also rejects a possible undercooling of the
fragile liquid, suppressing the LLPT during cooling. From this, the structural measurement
upon heating should not show a strong behavior during the same thermal treatment as during a

DSC scan. Another strong indicator is the fact that even the relaxation times on the atomic scale,

33 The same state is referring here to the similar thermal history of samples e.g. casting geometry and a similar
thermal protocol during the actual measurement.
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determined by XPCS in Publication II show the clear fragile behavior of the Pd-rich system,
supporting the other techniques. Still, the reported changes in the relaxation spectra or rather
their invariance with temperature were connected to the “strong” behavior of the structural

fragility parameter derived from the small changes on the MRO length scale.
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Figure 6-27: a) Volume dilation €43 of a) Pt7 sPd35Cuz7Nio 5Py b) Pty 5sPd4oCuz7Nio sP>;  and
¢) Pd42.5Cuz7Nig sP2; during cooling with various cooling rates, reflecting the change of the local volume
Va3 between r; and r4 of the reduced pair distribution function G(r). Individual linear fits of the high

temperature and low temperature region are used to determine mg,**>.

d) Structural Fragility mg: as a function of Pd content. All data points are averages of at least three
measurements. Based on the empirical correlation (see Figure 6-11) also the expected kinetic fragility
D" is depicted on the right ordinate. The resulting structural fragility parameters of the high temperature
liquid, obtained from the data of a)-c) are added as open symbols, in this case the error bars correspond

to the standard deviation between the depicted measurements at variating rates.

In Figure 6-28 the additional high-temperature data is added to the correlation plot of fragility

and structural fragility underlining how the high-temperature data is narrowing the original
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correlation curve. The high temperature data seems to reasonably fit the correlation. At this
point it needs to be noted, that the original set of data that was used for the correlation is only
featuring one composition at the very fragile spectrum of alloys, with a fragility parameter
D" ~ 10 (see the open dotted data point on the upper right corner of Figure 6-28). Hence, the
actual slope of the correlation curve might be a bit larger as it is not that strongly supported by

experimental data in the fragile regime with D" < 10.
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Figure 6-28: High and low temperature results of the structural fragility model within the correlation

established by Wei et al.[96]

To support this quite unique behavior of the liquids also the correlation length & of the
Pd42.5Cu27Nio sP21 measurement is determined. This method shall provide another metric to get
further insights into the phenomenon observed during continuous cooling. The changes of the
fitted decay function at different states and temperatures is exemplarily shown in the Appendix

in Figure 8-7.
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Figure 6-29: Correlation length obtained from the Ornstein-Zernike analysis from the G(r) of
Pd42.5.Cuz7Niy sP2; during heating and cooling at a constant rate of 0.33 K s°!. For a better orientation the
liquidus temperature T is included as well as the glass transition temperature T, and the temperature,
where the changing behavior of 4.3 was observed, here labeled by Te4.3 (compare Figure 6-27). Due to

the noise in the raw data (section a)) the data was binned by an average of five consecutive data points.
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The changes of the correlation length & during heating and cooling of Pd4>.5 Cuz7Nio sP2; are
depicted in Figure 6-29. During heating of the glassy state the correlation length remains
relatively constant followed by an increase during the structural relaxation, where the system
begins to order analogous to the observations of the FWHM of the FSDP (see Figure 6-14).
After the glass transition the system abruptly changes by a strong decrease of the correlation
length, which then is cut-off by crystallization of the sample. The evaluation of the correlation
length then only makes sense once the sharp diffraction peaks are vanishing during the melting
procedure. During heating in the equilibrium liquid above T; the correlation length is still
changing and the offset between the heating and cooling curve still suggests that the system is
not fully equilibrated. This might be related to residual crystalline parts that still need to be
dissolved in the liquid, also affecting the ability of the system to undercool dramatically [228].
Ataround 1100 K the system seems to remain on a constant level of correlation length at around
3.25 A in heating and cooling, which is seemingly the equilibrium value of the liquid state.
During cooling already an increase of the correlation length can be observed above at about
80 K above the liquidus temperature. The increase is rather linear until a step-like change is
observed at a similar temperature to the bending observed in €43 at the Tes-3. Interestingly,
similar bending was observed in the Zr-based alloy Vitreloy 106a (Vit 106a) by Stolpe.
However, in this case a strong thermal signature was accompanied by fitting dynamic and
kinetic experiments that suggested a LLPT. A comparison of both data sets is provided in the
Appendix Figure 8-9. A possible resolution of this behavior on the Pd-rich side of the observed

alloys will be discussed in the following chapter.

6.3.4 Possible Resolutions of the Structurally Strong Behavior
6.3.4.1 Complexity of Pair-distribution Functions in Multi-component

Systems

A possible explanation of the failure of the model on the Pd rich side could be found in the
nature of the reduced total PDF from which the structural information is derived. In n-
component systems G(r) consists of the weighted superposition of n(n+1)/2 partial PDFs, each
scaled by their scattering contribution, i.e., the atomic form factor and the relative amount of
atoms (compare eq. (3.28)). In the case of the intermediate compositions that are composed out
of five components, the coherently scattered signal originates from the superposition of 15
different partial contributions. For a better understanding, the wave-vector dependent weighting

factors of five different compositions are shown in Figure 6-30. To better distinguish between
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the different contributions the data is also reported on a logarithmic scale on the right part of
Figure 6-30. From the depiction it can be observed that for the present systems the scattering
signal is dominated by noble metal - noble metal pair correlations together with minor
contribution of noble metal - Cu and Ni partials®*, also highlighted in Ref. [204]. For a better
comparison the Pt-Pt, Pd-Pd and Pt-Pd contributions are grouped, being considered the noble
metal - noble metal pair correlations, adding up between 35 % to above 50 % contribution with
rising Pt content. Secondly, the pair correlations of the noble metals with Cu and Ni each (Pt/Pd-
Cu/Ni) is grouped, accounting for 30 % up to nearly 40 % with rising Pd content. In summary,
both of these noble-metal related contributions add up to the vast majority of the scattering
signal with ~75 % to 85 % with rising Pt content. A graphic representation of the data is
provided in Figure 6-31. For a fair comparison it has to be noted, that especially on the Pd-rich
side the contribution of the Pt/Pd-Cu/Ni atomic pairs contributes almost as equally to the
scattering signal as the noble metal — noble metal contribution, as Pd atoms are scattering much

weaker compared to Pt atoms.

34 The Ni-related contributions are rather small compare to the Cu ones. While both atomic species feature similar
atomic form factors the difference is due to the smaller amount of Ni in the samples (Cu-Ni-ratio of ~ 3:1).
However, due to their similar topological role both elements are added in this consideration.
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Figure 6-30: Change of the atomic weighting factors as a function of the wave-vector relating to the

individual contribution of the atomic pairs to the overall scattering signal for a chosen number of

different compositions of the Pt s«PdxCuz7NigsP2; alloy series. The data was derived with eq. (3.28)

and the atomic form factor was calculated based on the tables of Ref. [229].
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Figure 6-31: Change of the atomic weighting factors as a function of the wave-vector relating to the
individual contribution of different groups of elements to the overall scattering signal for a chosen
number of different compositions of the Pts s«PdxCu27Nig sP2; alloy series. The main contributions are
divided into two groups: First all noble metal — noble metal (Pt and Pd) correlations, depicted in a dashed
line, which add up between 35% to above 50% contribution with rising Pt content. Secondly, the pair
correlations of the noble metals with Cu and Ni each, which account also for roughly 30 % up to nearly
40% with rising Pd content. Additionally, the sum of both of these noble-metal related contributions is

shown, adding up to the vast majority of the scattering signal with ~75 % to 85 % with rising Pt content.

To quantify the changes in scattering contribution to the overall signal, which basically
condenses in a change of the observable atomic pair correlations, the changes of the weighting
factors at a specific wave-vector Q with varying Pt/Pd content need to be reviewed. In Figure
6-32 a) the weighting factors at a Q =2.9 A, which is in the direct vicinity of the FSDP, is
used to quantify the changing contributions of the Pt/Pd-Pt/Pd, the Cu/Ni-Pt/Pd and their
combined contribution. From this depiction the rising contribution of Cu/Ni and decreasing
trend of the noble-metal — noble-metal contribution with increasing Pd content is well visible.
To validate the changes, it is needed to examine the relative changes due to the different
scattering contributions, to exclude that observed changes in the structural signal are based on

this changed atomic contrast. In Figure 6-32b) the relative changes with respect to the initial
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composition of Pts2 5Cuz7Nig sP21 show a maximal change of around 30 % in the noble-metal
contribution and a 20 % increase in the Cu/Ni — noble metal contribution, while the combined
contributions remain almost constant with minor changes of around 10 %. This means that the
interpretation of the direct scattering signal within the series of Pt/Pd has to be carried out with
care and that these changes are far from neglectable. For example the changes in the connecting
schemes with changing Pd content, shown in Publication III (e.g. Figure 7 of Ref. [230]), would
need to be larger than the changes in the scattering contribution to be somehow reliable. In
Figure 6-33 the relative changes in the reduced pair distribution function G(r) at the length-
scale of 3-atom connections (compare section 2.5.2) with composition with respect to the initial
composition of Pts> sCu7Ni9 sP21 are added from Ref. [230]. The relative changes observed are
about two times larger than the changes of the scattering contribution. It supports the
interpretability of the diffraction data, strongly suggesting that the observed changes are really
related to changes in the atomic structure, instead of being simply an artifact due to the changes
in contrast. However, it needs to be noted that the large changes of 30 % in the individual
contrast is only a limiting factor when comparing the absolute signals of S(Q) or G(r). Anyhow,
most quantities derived in this work are normalized values or normalized derivatives with
respect to temperature. Also changes below the changes in the weighting factors can be taken

into account, while still its specific atomic origin cannot be identified.

In summary, any structural information derived from the diffraction experiments mainly
contains information on the behavior of the noble metal atoms with themselves and Cu/Ni. As
a result, the current diffraction data merely allow inferences about the behavior of noble metal
partials and to a combined degree on the Cu/Ni-noble metal interaction. Therefore, the small
volume dilation of the Pd sub-system on the MRO length scale might lead to the apparent
structurally strong behavior of the liquid. In that case the fragile behavior of the system could
be determined by the interaction with or among the other atomic species involved that only give
minor contributions to the diffraction signal. Especially the metal-P partials, which are almost
not observable in the current measurements since they have the smallest contributions to the
scattering signal, could be responsible for the fragile behavior of the system in thermodynamic

and kinetic-dynamic regards.
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b) Relative change of the weighting factor with composition with respect to the initial composition of

Pt42.5Cuz7Nig sP2;.
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Figure 6-33: Relative change of the weighting factor (left axis) and relative change of the intensity of

the reduced pair distribution function G(r) at

the length-scale

of 3-atom connections

(compare section 2.5.2) with composition with respect to the initial composition of Pts sCuz7Nio sPa;.

The observed changes of the structural signature of 3-atom connections is larger than the changes in the

atomic weighting factors, supporting the interpretation of the signal to be caused by actual

compositionally induced structural changes. Data of the relative changes in G(r) is taken from Ref. [230]
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6.3.4.2 Structural Changes in the Liquid during Cooling — a

Perspective from Diffusion

At elevated temperatures a large slope is observed in the €4.3 data of Pd42 sCu27Nio sP21 followed
by an abrupt flattening at around 690 K (1.2 T) into a slope that matches the slope observed
during the heating experiments. The region at elevated temperatures yields a ms.*+> of 0.06,
converting to a D” of around 13, fitting the fragility expected for the Pd liquid. For
Pt7.5Pd35Cu27Nio sP21 and Ptz sPdsoCu27Nio sP21 a similar behavior as for Pds sCuz7NigsP2y is
observed (compare Figure 6-27). Again, the high temperature data are fitting much better to the
fragilities expected from thermodynamic and kinetic/dynamic data. In the m4s™" for the

additional high temperature data is added to the overall fragility plot (Figure 6-28).

Hence, the empirical connection of volume dilation on the MRO length-scale and fragility
seems to be restored at elevated temperatures, but at certain undercooling the volume dilation
decreases towards an apparent stronger behavior mirroring the behavior observed in the heating
experiments (Figure 6-27). With the argument that the information obtained from the X-ray
scattering experiment is governed by the Pd-atoms, this change in the structural behavior should

also be related to the behavior of the Pd atoms.

Interestingly, in the deeply undercooled liquid state of Pd43Cuz7NioP20, which is
compositionally very similar to the Pd4> sCuz7NigsP2; alloy studied in this work, significant
decoupling of the diffusion coefficient of Pd compared to other atomic species was reported in
literature [56,231]. Thus, the question arises whether the small volume dilatation of the Pd-Pd
correlations on the MRO length scale might be related to this highly decoupled, significantly
smaller mobility of the Pd atoms. Possibly, the structural data could support the idea and be
connected to the reported creation of a slow Pd subsystem after crossing a decoupling
temperature (DCT), which the authors of Refs. [56,231] associate to the mode coupling
temperature Tmc [56,231]. Furthermore, the rather high heterogeneity of the diffusion
coefficients i.e. atomic motion supports well the observed heterogeneous dynamics in XPCS in

the vicinity of the glass transition region.
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Figure 6-34: Volume dilation €43 of Pds>5Cu27NiosP2; during cooling with 0.33 K s™!, reflecting the
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Vertical lines are added to clarify different significant temperatures such as the mode-coupling
temperature determined in Ref. [56], the bending point of the 4.3 data at Tes3 = 685 K and the glass

transition temperature. A horizontal line referring to a volume dilation of zero is added to guide the eye.

In Figure 6-34 the structural data of €43 of Pd25Cu27Nio.sP21 during cooling from the liquid
state (data from Figure 6-27c)) are compared to the mobility of the different atomic species in
Pd43Cuz7NiioP2o from Ref. [56], namely the diffusion coefficients of Pd, P and Co, with the
latter being representative for Ni. Interestingly, the flattening of €43 occurs about 30 K below
the determined DCT, where the Pd diffusion has already slowed down tremendously compared
to the other atomic species (about three orders of magnitude slower than Co and P, compare
Appendix Figure 8-10). Hence, the decoupled Pd-subsystem might rather appear ‘solid-like’ in
relation to the other, much faster atomic species. Since Pd is also the species dominating the
structural information, the decoupling might be significant enough to cause a collapse of the

structural fragility model of Wei et al., ultimately making the mg "%

metric incapable to
describe the overall fragility of the system. The almost temperature invariant behavior of €43 is
typically observed for most systems below its thermal glass transition temperature because it is

frozen into an iso-configurational state. When reviewing the decoupling by taking a look at the



222 Results and Discussion

change of the peak positions of G(r) on different length scales during cooling, it becomes
obvious that the effect becomes weaker for smaller distances, turning out to be almost invisible
at the average interatomic distance 11 (see Appendix Figure 8-11) This apparent length-scale
dependence could support the idea of decreasing mobility of the Pd that should most
significantly influence rearrangements on increasing length scales. Ultimately, the three orders
of magnitudes slower Pd subsystem, described by literature, that at the same time is the most
significant part of the scattering signal, could fit the observation of almost stable evolution of
structure on the medium-range order length-scale. This small dilation of the 3™ and 4™ shell is
then wrongly interpreted as a structurally strong behavior of the (whole) liquid, whereas it is
merely the already more rigid sluggish behavior of only the Pd that can be observed with X-

rays.
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7. Summary and Outlook

In summary the different parts of the current work provide an overview on the thermodynamic,
kinetic, dynamic, and mechanical properties and give new insights on their connection to
structure for the exemplary model system of Pt/Pd-Cu-Ni-P liquids and glasses. Particular focus
is laid upon the thermally induced changes of these properties as well as their responses upon
variations of the chemical composition, namely the ratio of Pt to Pd, two presumably
topologically equal species. All properties are characterized utilizing state-of-the-art
methodology e.g. calorimetry, thermomechanical and micromechanical testing and synchrotron

based diffraction and spectroscopy methods e.g. X-ray photon correlation spectroscopy.

Besides the assumed topological equality of Pt and Pd significant changes in almost every
examined property can be observed. The main points can be summarized by the categories

Thermodynamics, Kinetics and Dynamics, Structure and Mechanics in the following:
Thermodynamics

- The variation in GFA between the different alloys is dominated by the reduced driving
force for crystallization, described in first approximation by the smaller enthalpy and
entropy of fusion

- High Pd contents also lead to a smaller jump of the specific isobaric heat capacity during
the glass transition, which is connected to the absolute change in configurational entropy
during the undercooling of the liquid. However, it was shown, that a direct correlation
with fragility can only be achieved, when the relative changes of entropy are used. This
effect becomes eminent in this system due to the significant changes in the enthalpy of
fusion (almost a change of 100%), often neglectable in other systems.

- Residual enthalpy in the glassy state, which is connected to the free volume, is
drastically reduced upon the addition of Pd to the system. The potential low amount of
free volume in the Pd-rich glasses, compared to the Pt-rich ones, partially explains their
lower ductility.

- The systematic diffraction studies on the Pt/Pd-Cu-Ni-P suggested that the change of
the FWHM of the FSDP is scaling to with the absolute entropic changes due to the
structural rearrangements in the deeply supercooled liquid. This means that the width
of the peak is changing stronger with temperature for systems that undergo more

structural rearrangements/ordering during cooling.
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Kinetics and Dynamics

- Investigations on the Kinetics of the glass transition and dynamics of the glass and liquid
suggest a V-shaped compositional dependence of fragility, with the strongest liquids
being in the intermediate compositions with equal Pt and Pd content, suggesting an
additional interaction between both atomic species.

- Microscopic dynamics support the idea of similar dynamics in the solely Pt or Pd

containing systems, while revealing significant differences in the change of their
dynamic heterogeneities in the deeply undercooled liquid state in the vicinity of Tg.
It was observed that the changes on the MRO length scale mimic the thermally induced
changes of the relaxation spectrum in the vicinity of the glass transition, connecting
structural observations with the dynamic behavior of the Pt-based and Pd-based liquids.
While the Pd-liquid shows a constant degree of dynamic heterogeneity and small
changes in the MRO length scale associated with structurally strong behavior, the Pt-
liquid is constantly becoming more heterogeneous when approaching the glass
transition, mimicking the changes observed on the MRO length scale, typically
connected to structurally fragile behavior. Through this the importance of the actual
shape of the relaxation spectrum, which is not included in the actual fragility concept,
is highlighted and experimentally shown.

- The XPCS study also revealed that the dynamics of deeply supercooled liquids is
showing a wave-vector dependence, so-called “De Gennes narrowing”. For the Pt-based
system this effect was demonstrated for the first time in deeply undercooled metallic
liquids at wave-vectors smaller than the first sharp diffraction peak, relating to a length

scale beyond the average interatomic distance.

Mechanics

- Mechanically the glasses with increased Pd content show higher hardness, but also a
consequential higher tendency towards embrittlement, validated by micromechanical
methods.

- Strain-Rate-Sensitivity of the alloy series is decreasing with higher Pd content,
mirroring their smaller ability to multiple shear banding, which is crucial for
macroscopically ductile deformation processes.

- The embrittlement tendency at higher Pd-contents was supported by micropillar

compression tests.
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- The embrittlement was traced back to the structural changes and a growing amount of

more rigid, but brittle 3-atom connections in the Pd-rich glasses.
Structure

- X-ray diffraction experiments suggested significant structural differences between the
Pt-rich and the Pd-rich liquids. Whereas the Pt-rich systems tend to show a significant
MRO with trigonal prisms as the main structural unit, Pd-rich systems feature a larger
number of icosahedra, leading to a pronounced icosahedral SRO. From geometrical
considerations this leads to a higher number of 3-atom connections in Pd-rich systems,
compared to a more diverse number of 1-, 2- and 4-atom connections in the Pt-rich
systems.

- These 3-atom connecting schemes are, suggested by simulations, a structural signature
of embrittlement. Through the experimentally observed mechanical behavior for the
Pt/Pd-Cu-Ni-P system this hypothesis is strongly supported. The increased number of
3-atom connections on the Pd-rich side of the system was connected to increased
brittleness. Additionally, aging leads to the growth of the structural signature of
aforementioned 3-atom connections and is connected to embrittlement, further
supporting the hypothesis.

- From the structural observations the so-called structural fragility was determined
following the formalism of Wei et al. Consequently, the Pd-rich liquids are suggested
to show structurally strong behavior, derived from their small changes on the MRO
length scale. This effect is in line with the observations of the dynamic heterogeneities
of the liquid in the vicinity of T,. Extended studies to explain the misfit to the fragile
behavior of the Pd-rich systems in dynamic and kinetic properties, did not find
convincing evidence. However, a connection to the decoupling of the diffusion
coefficients may be responsible for the break-down of the structural fragility model in

this case. Here future works will help to shed further light on this open topic.

In total, the study has answered many questions and enlarged the understanding of highly
undercooled melts and their resultant glasses combined with their properties. However, also
many new questions arose, motivating new studies. Especially regarding the structure,
additional simulations, as well as experimental validations utilizing even more elaborate
scattering techniques will be needed. Without the knowledge of the partial structure factors and

further sophisticated and systematic variations of the components, no complete picture of the
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structure can be drawn. In particular this means additional studies with neutron diffraction and
anomalous X-ray scattering will be needed to extend the amount of independent structural
measurements, needed to gain insights into the partial structure factors. Especially the change
of the Cu/Ni ratio might be helpful to further understand the structural features, as both elements
are scattering similarly and can also be assumed topologically equal. Hence, any structural
changes in the total structure factor can be related easier to actual structural changes, compared
to the changing contrast through the Pt/Pd substitution, which was discussed in this work.
However, one drawback here will be the limited glass forming ability, which was observed to
deteriorate outside the approximate 3:1 ratio of Cu to Ni in the current alloys. Promising
preliminary studies on this topic were already performed, paving the way for continued work
on this topic. Further, in-situ X-ray investigations of the structure without the interference of
crystallization will be helpful to finally solve the anomalous behavior on the MRO length scale
of the Pd-rich systems. Here aerodynamic levitation experiments are already successfully
scheduled at synchrotron facilities, that will allow a fast cooling to circumvent the
heterogeneous crystallization events for all alloys studied in this work, connecting the high and
low temperature structural data. Aerodynamic levitation technique is crucial, as the
conventional method of electrostatic levitation is unfortunately not feasible for the P-containing
alloys, as P tends to evaporate under the low ambient pressures needed for the electrostatic

levitation.

Together with this outlook on the basic scientific impact that the current study on the used alloys
can provide also their possible applications should be mentioned. Regarding the application of
these unique alloys, outside of jewelry and decorative applications, their superior performance
in catalytic reactions needs to be emphasized. In the framework of this thesis also this property
was examined and showed promising results in combination with the unique thermoplastic
formability, that can be utilized for nano-forming [25]. Hopefully, further studies on the
catalytic properties of these amorphous Pt-Pd-alloys will be triggered by our works.
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8. Appendix
8.1 Additional Figures
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Figure 8-1: Evolution of the first sharp diffraction peak during heating and cooling with 0.33 K s! in an
in-situ high energy synchrotron X-ray diffraction experiment of Pt3sPd; sCuz7Nio sP2;. The shape of the
peak is described using the different parameters of a) peak position Q, peak height S(Q,) and full-width
at half maximum FWHM(Q). An initial heating into the SCL to Tgenqa +15 K (black) is used to erase the
thermal history of the casting (0.5 mm plate), followed by a controlled cooling to 50 °C and a

consecutive 2nd heating, until the sample crystallized.
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Figure 8-2: Evolution of the first sharp diffraction peak during heating and cooling with 0.33 K s! in an

in-situ high energy synchrotron X-ray diffraction experiment of Pty sPd20Cuz7Nig sP2;1. The shape of the

peak is described using the different parameters of a) peak position Q, peak height S(Q,) and full-width
at half maximum FWHM(Q1). An initial heating into the SCL to Tgenqa +15 K (black) is used to erase the

thermal history of the casting (0.5 mm plate), followed by a controlled cooling to 50 °C and a

consecutive 2nd heating, until the sample crystallized.
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Figure 8-3: Evolution of the first sharp diffraction peak during heating and cooling with 0.33 K s! in an

in-situ high energy synchrotron X-ray diffraction experiment of Pt7 sPdssCuz7Nio sP2;. The shape of the

peak is described using the different parameters of a) peak position Q, peak height S(Q,) and full-width
at half maximum FWHM(Q). An initial heating into the SCL to Tgenqa +15 K (black) is used to erase the

thermal history of the casting (0.5 mm plate), followed by a controlled cooling to 50 °C and a

consecutive 2nd heating, until the sample crystallized.
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Figure 8-4: Evolution of the first sharp diffraction peak during heating and cooling with 0.33 K s! in an
in-situ high energy synchrotron X-ray diffraction experiment of Pd4> sCuz7Nig sP21. The shape of the peak
is described using the different parameters of a) peak position Qi, peak height S(Q:) and full-width at
half maximum FWHM(Q:). An initial heating into the SCL to Tgena +15 K (black) is used to erase the
thermal history of the casting (0.5 mm plate), followed by a controlled cooling to 50 °C and a

consecutive 2nd heating, until the sample crystallized.
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Figure 8-5: Heat flow and respective enthalpy difference obtained by differential scanning calorimetry

(DSC) for Pt4 5Cuz7Niug sP»; with different thermal histories, either by different cooling during casting,

by different casting thicknesses or by isothermal annealing. The enthalpies are constructed by integration

of the DSC traces with the state of a vitrification at 0.33 K™! being the reference state.
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Figure 8-7: Fitting procedure of the Omstein-Zernicke analysis and respective resulting correlation

length for three different states. The fast cooled initial state of the as-cast glass shows a smaller

correlation length compared to the relaxed one that has undergone structural ordering. An analogous

behavior to the FWHM of the FSDP is observed.
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Figure 8-8: Evolution of the correlation length and the FWHM of the FSDP of for Pts, sCuz7Niug sP2;

with different thermal histories. For a better comparison of the amount of data the correlation length

data has been binned by averaging 5 consecutive data points. Similar trends for both properties can be

observed inversely resembling the enthalpic states of the different thermal histories.
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Figure 8-10: Time for the diffusion of an average distance of 9 A (~4" peak of G(r)) for the different

atomic species. Calculations are based on the atomic diffusion coefficients taken from Ref. [232]

assuming stationary diffusion.
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