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Abstract 
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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.  

 

 

  



ii  Zusammenfassung 

Zusammenfassung 

Metallische Massivgläser wurden in der Festkörperphysik lange Zeit für einen unerfüllbaren 

Traum gehalten, da Metallschmelzen, wenn sie unter ihre Liquidustemperatur gekühlt werden 

eine hohe Kristallisationsneigung haben. Um metallische Massivgläser herzustellen ist 

tiefgehendes metallurgisches Wissen vonnöten, um ein Legierungssystem mit dem richtigen 

Zusammenspiel aus langsamer Kristallisationskinetik und einer geringen thermodynamischen 

Triebkraft zur Kristallisation zu finden. Ein System, das dies erfüllt ist das Pt/Pd-Cu-Ni-P-

System. Im Rahmen dieser Arbeit werden die wichtigsten thermophysikalischen 

Charakteristika, die die Glasbildung in diesen Systemen ermöglichen, hinsichtlich kinetischer, 

dynamischer und thermodynamischer Eigenschaften bewertet. Zwischen diesen 

thermophysikalischen Eigenschaften wurden direkte Abhängigkeiten zu den thermisch 

bedingten Veränderungen der vorliegenden Struktur gezeigt. Darüber hinaus wurde ein 

Zusammenhang von unterschiedlichen Struktureinheiten mit den mechanischen und 

thermodynamischen Eigenschaften erarbeitet und experimentell untermauert, was grundlegend 

zum Verständnis des Versprödungsmechanismus von metallischen Gläsern beiträgt. Weitere 

Fortschritte in der Grundlagenforschung wurden im Bereich der atomaren Dynamik erzielt. 

Erstmals wurde eine verlangsamte Dynamik bei Wellenvektoren, welche einem größeren 

Abstand als dem mittleren interatomaren Abstand entsprechen, in metallischen Flüssigkeit 

experimentell nachgewiesen.  
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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 Å, 

the MRO already involves the surroundings up to the third or fourth neighboring atomic shell, 

leading to length scales of around 10 Å 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 glasses1), 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].  

 

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 r2 decides on the balance between energetic gain due to the crystalline 

volume (∝ r3) and the effort to create the interface between liquid and crystal (∝ r2), 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 (Au75Si25) 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 µm 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 (Rc ∝ dc-2)[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 Löffler 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-1 [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 (Pt58Cu21P21) 

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 Pt58Cu21P21 

(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 Pt58Cu21P21. 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)42.5Cu27Ni9.5P21 [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 equivalent3 [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)42.5Cu27Ni9.5P21 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 Pd42.5Cu30Ni7.5P20 [7] vs. 20 mm for 

Pt42.5Cu27Ni9.5P21 [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 Rc) 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 Tg 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)42.5Cu27Ni9.5P21. 

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.  
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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).4 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 Tf is formed. The temperature of fusion 

itself is defined as the point of equilibrium between the Gibbs free energy of the liquid Gl and 

the crystal Gx, which marks the intersection of both curves in the graphic of Figure 2-1 5. Below 

Tf, the difference between the liquid and crystalline Gibbs free energy ΔGl-x creates a 

thermodynamic driving force for the transition of the liquid to the crystal. It is defined by 

∆𝐺௟ି௫(𝑇) =  𝐺௟(𝑇) − 𝐺௫(𝑇) 

= (𝐻௟(𝑇) − 𝑇𝑆௟(𝑇)) − (𝐻௫(𝑇) − 𝑇𝑆௫(𝑇)) 

=  ∆𝐻௟ି௫(𝑇) − 𝑇∆𝑆௟ି௫(𝑇) 

(2.2) 

, with ΔHl-x being the difference in enthalpy between the liquid and crystalline state, also called 

excess enthalpy and ΔSl-x 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 cp
l and crystalline state cp

x together with knowledge of the enthalpy of 

fusion and the temperature of fusion by using:  

𝛥𝐻௟ି௫(𝑇) =  𝛥𝐻௙ + න ∆𝑐௣
௟ି௫

்

்೑

(𝑇ᇱ)𝑑𝑇′ (2.3) 

𝛥𝑆௟ି௫(𝑇) =  𝛥𝑆௙ + න
∆𝑐௣

௟ି௫

𝑇ᇱ

்

்೑

(𝑇ᇱ)𝑑𝑇′ (2.4) 

, with Δcp
l-x being the excess isobaric heat capacity being defined as: 

∆𝑐௣
௟ି௫ =  𝑐௣

௟ − 𝑐௣
௫ (2.5) 

 

5 Whereas, the temperature of fusion is rather a definition from a theoretical point of view, in application the 
temperature of melting Tm or liquidus temperature Tl 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]:  

 𝑐௣
௟ (𝑇) = 3𝑅 + 𝑎𝑇 + 𝑏𝑇ିଶ (2.6) 

𝑐௣
௟ (𝑇) = 3𝑅 + 𝑐𝑇 + 𝑑𝑇ଶ (2.7) 

, with R being the universal gas constant (R = 8.314 J mol-1K-1) and a, b ,c and d being fitting 

parameters.  

A detailed justification on the interpretation of ΔGl-x in multi-component systems is being 

presented in Refs. [37,39] 

 

Figure 2-1: Gibbs free energy of the liquid Gl and the crystalline state Gx as a function of temperature . 

Below the temperature of fusion Tf the difference between Gl and Gx, ΔGl-x 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 ΔGV = Vx Δgl-x, with Δgl-x being the difference in Gibbs free 



State of the Art and Theory 
  11 

energy between the liquid and the crystalline phase per volume6. It shall be noted that below 

the temperature of fusion Δgl-x becomes negative, which makes the whole ΔGV 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 ΔGA = Ax γl-x, with γl-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: 

∆𝐺(𝑟, 𝑇) =  𝑉௫∆𝑔௟ି௫(𝑇) + 𝐴௫ 𝛾௟ି௫ 
(2.8) 

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

surface ratio, Eq. (2.8) becomes: 

∆𝐺(𝑟, 𝑇) =  
4

3
  𝜋𝑟ଷ∆𝑔௟ି௫(𝑇)  +  2𝜋𝑟ଶ𝛾௟ି௫ (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 ΔG with respect to the change 

of the radius. Mathematically speaking, this means that  

𝑑∆𝐺(𝑟∗)

𝑑𝑟
=  0 (2.10) 

, with r* 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 

 

6 The volumetric Δgl-x can be easily derived from the molar ΔGl-x by dividing it by the molar volume Vm.  
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𝑟∗(𝑇) =
2 𝛾௟ି௫

∆𝑔௟ି௫(𝑇)
  (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 ΔG*. 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  

∆𝐺∗(𝑇) =
16𝜋 𝛾௟ି௫

ଷ

3∆𝑔௟ି௫(𝑇)ଶ
  (2.12) 

Both the nucleation barrier ΔG* 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 Δgl-x when the undercooling ΔT = Tf - T is becoming larger. The temperature dependence 

of ΔG* and r* can be estimated by applying the Turnbull approximation, which assumes a 

constant cp for small undercoolings. Therefore, the Δgl-x can be linearly approximated by: 

∆𝑔௟ି௫(𝑇) =  𝑉௠
ିଵ ∆𝐻௙

𝑇௙
 ∆𝑇 = ∆𝑆௙∆𝑇  (2.13) 

with ΔHf being the enthalpy of fusion and ΔSf being the entropy of fusion7. 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 Eqs. (2.11) and (2.12) leads to:  

𝑟∗(𝑇) =
2 𝛾௟ି௫𝑇௙

 ∆𝐻௙∆𝑇
  (2.14) 

∆𝐺∗(𝑇) =
16𝜋 𝛾௟ି௫

ଷ

3∆𝐻௙
ଶ∆𝑇ଶ 

  (2.15) 

 

 

7 The entropy of fusion is derived from the quotient of enthalpy of fusion and temperature of fusion, which is 
derived from ΔG(Tf) = 0 = ΔHf-Tf ΔSf. 
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Figure 2-2: Change Gibbs free energy during the formation of a spherical crystalline nuclei with radius 

r, 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 ΔG*8. 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 (ΔT2) the volume contribution becomes stronger, as the conversion from liquid to 

crystalline structure is associated to a larger gain in energy (Δgl-x becomes larger). This shifts the 

absolute Gibbs free energy curve to lower radii, leading to smaller critical radii (Δr*
2 < Δr*

1) as well as 

a decrease of the activation energy for crystallization (ΔG*(ΔT2) < ΔG*(ΔT1)). 

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 ΔG* 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]: 

𝑛∗(𝑇) = 𝑛଴𝑒𝑥𝑝 ൬
∆𝐺∗(𝑇)

𝑘஻𝑇
൰  

(2.16) 

with kB being the Boltzmann constant (kB = 1.380649 × 10-23 m2 kg s-2 K-1) and n0 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.  

 

Figure 2-3: Effect of undercooling on the difference in Gibbs free energy between the liquid and 

crystalline ΔGL-x(T) and the resulting changes in the critical radius r* and the energy barrier for 

nucleation ΔG* for the Pt42.5Cu27Ni9.5P21 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: 

𝐷(𝑇) = 𝑎଴
ଶ𝜈(𝑇) =  𝑎଴

ଶ𝜈଴ 𝑒𝑥𝑝 ൬
𝐸஺

𝑘஻𝑇
൰ (2.17) 

, where a0 is the average atomic diameter, ν is the atomic jump frequency and ν0 the vibration 

frequency of the atoms. The average atomic diffusion coefficient D, a microscopic property, 

can be connected to the shear viscosity η, a macroscopic property of the liquid, via the Stokes-

Einstein (SE) relation9: 

𝐷(𝑇) =
𝑘஻𝑇

6𝜋𝜂(𝑇)𝑎଴
 (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 

 

9 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 state10 Iv, which is a product of the relative available number of 

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

𝐼௩(𝑇) = 𝐴𝜈(𝑇)
𝑛∗(𝑇)

𝑛଴
=  𝐴𝜈(𝑇)𝑒𝑥𝑝 ൬

∆𝐺∗

𝑘஻𝑇
൰ (2.19) 

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

𝐼௩(𝑇) =
𝐴௩

𝜂(𝑇)
𝑒𝑥𝑝 ቈ

−16𝜋𝛾௟ି௫
ଷ

3𝑘௕𝑇[𝛥𝑔௟ି௫(𝑇)]ଶ
቉ (2.20) 

, where Av is a constant.  

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

[43] 

𝑢(𝑇) =
𝑓௥𝑘௕𝑇

3𝜋𝑎଴
ଶ𝜂(𝑇)

ቈ1 − 𝑒𝑥𝑝
𝑉௔௧௢௠௜௖𝛥𝑔௟ି௫(𝑇)

𝑘௕𝑇
቉ (2.21) 

where Vatomic is the atomic average volume, and a0 is the average atomic diameter. The factor fr 

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, Iv(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 Iv(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 Tl. 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 

 

10 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 Tl. 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.  

 

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 Iv(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 tx
* is located between the two maxima of Iv 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 Iv(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]: 

𝑥(𝑇) = 1 − 𝑒𝑥𝑝 ቀ
𝜋

3
𝐼௩(𝑇)𝑢(𝑇)ଷ𝑡ସቁ (2.22) 

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

𝑡௫(𝑇) = ൤
−3𝑙𝑛 (1 − 𝑥)

𝜋𝐼(𝑇)[𝑢(𝑇)]ଷ
൨

ଵ
ସൗ

 (2.23) 

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, Iv(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 τx
*. The minimum crystallization time 

τx
* 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]:  

𝜏௫
∗ =  0.00419(𝑑௖/𝑚𝑚)ଶ.ହସ𝑠 (2.24) 



State of the Art and Theory 
  19 

 

Figure 2-5: Time-temperature transformation diagram of Au49Ag5.5Pd2.3Cu26.9Si16.3 based on actual 

isothermal crystallization data described by the JMAK 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 η is defined as the proportionality factor 

between the shear rate 𝛾̇ and shear stress 𝜏௫௬: 
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𝜂 =
𝜏௫௬

𝛾̇
 (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: 

𝜂(𝑇)  ∝  𝑒𝑥𝑝 ൬
𝐸஺

𝑘஻𝑇
൰ (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 Tg
*
. It is defined as the 

temperature, at which the liquid possesses a viscosity value of 1012 Pas and leads to all liquids 

sharing the same point at Tg
*/T = 1. The use of the 1012 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 Tg
* does not have to be equal to the calorimetrically determined Tg. 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 1010 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: 

𝜂(𝑇) = 𝜂଴𝑒𝑥𝑝 ൬
𝐷∗𝑇଴

𝑇 − 𝑇଴
൰ (2.27) 

with D* being the fragility parameter and T0 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 T0 lays further away from Tg than for 

bad glass forming liquids [51,53]. The η0 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]: 

𝜂଴ =
𝑁஺ ∙ ℎ

𝑉௠
 (2.28) 

With NA = 6.022 x 1023 being Avogadro’s number, h = 6.626 x 10-34 m2kgs-1 being Planck’s 

constant and Vm 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 SiO2 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 SiO2, 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 =  
𝜕𝑙𝑜𝑔ଵ଴ (𝜂)

𝜕
𝑇௚

∗

𝑇

ተ

்ୀ ೒்
∗

 (2.29) 

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 η, 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 Pd43Cu27Ni10P20 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 τ can be described by 

𝜏 =
𝜂

𝐺ஶ
 (2.30) 

, 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 

τexp is not described by the high frequency shear modulus G∞ but a different proportionality 

generic factor Gτ-η that is specific for the actual measurement method [36]. While it might seem 

arbitrary at first, the need of several Gτ-η 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 τ and η 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 Χ, i.e. viscosity η or relaxation time τ can be described as 

a function of the configurational entropy Sc by: 

𝛸(𝑇) = 𝛸଴ 𝑒𝑥𝑝 ൬
𝐶

𝑇𝑆௖(𝑇)
൰ (2.31) 

with C being the energy barrier for cooperative rearrangements and Χ0 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 ΔSl-x 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 ΔSf (compare 

section 2.1.1). The excess entropy however consists out of a vibrational term Svib together with 

the configurational term Sc described by11:  

𝛥𝑆௟ି௫ =  𝑆௩௜௕
௟ି௫ + 𝑆௖

௟ି௫ (2.32) 

 

11 It is important to note that here the configurational and the vibrational terms describe the difference between the 
liquid and the crystalline state as well.  
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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 ΔSl-x. When reviewing the changes of 

configurational entropy with respect to temperature 

𝜕𝛥𝑆௟ି௫

𝜕𝑇
ቤ

௣

=  
𝛥𝑐௣

௟ି௫

𝑇
 (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, Δcp
l-x can be seen equal to the excess heat capacity with respect to the 

glassy state Δcp
l-g12. Based on this, the Tg normalized height of the cp step at the glass transition 

temperature, Δcp
l-x(Tg)/Tg, should already entail information on the thermodynamic fragility. A 

large value of Δcp
l-x(Tg)/Tg 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 Δcp
l-x(Tg)/Tg 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 ΔSl-x 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 cp - step between the liquid and the crystalline/glassy 

state is observed at Tg, 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 Gτ-η = 109 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 ∆cp
l-x 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 ∆cp
l-x is also representative for 

the heat capacity step during the glass transition event ∆cp
l-g(Tg) 
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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 Tm and the liquidus 

temperature Tl 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 Tl. Therefore, the temperature of fusion Tf 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 αth 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 ΔVf, due to the denser atomic packing of the crystal, as 

well as a release of enthalpy ΔHf
13 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 ∆Hx, which in this ideal case of a 
crystallization at the melting point would be of the same magnitude as the enthalpy of fusion ∆Hf but with the 
inverse sign.  
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curve, which is an expression of the decreased αth and cp due to the closer packing and reduced 

number of degrees of freedom in the crystal. 

 

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 

Tfic with volumetrically and enthalpically distinct glassy states.  

(3) Isothermal annealing at Tann 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 Tann over time. The internal equilibrium of the supercooled liquid reached when Tfic = 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 Tf, it is called supercooled 

liquid (SCL). From a thermodynamic standpoint the SCL is a metastable equilibrium14, 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 Tfic 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 |Ṫ2|>|Ṫ1| the system is falling out of 

equilibrium at higher temperatures, leading to a higher Tfic 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 Vfree. 

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 Tg but can be negligibly slow if Tann<<Tfic. 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 ΔHres from calorimetric experiments 

allows to estimate the free volume Vfree 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. : 

𝛥𝐻௥௘௦ = 𝛽ᇱ  ൬
𝛥𝑉௙௥௘௘

𝑉௠
 ൰

௚௟௔௦௦

 (2.34) 

,where Vm is the molar volume and β’ 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]. 

 

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 Φ is brought to an out-of-equilibrium state Φn-eq. The quantity will 

immediately strive to recover its equilibrium value Φeq. The temporal evolution towards its 

equilibrium, or rather the distance between the temporal state Φ(t) and the Φeq, can then be 

described by a exponential decay function with a relaxation time τ. 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]:  

𝛷(𝑡) − 𝛷௘௤ = 𝛥𝛷(𝑡) = 𝛥𝛷(0) 𝑒𝑥𝑝 ቆ− ൬
𝑡

𝜏
൰

ఉ

ቇ (2.35) 

with β being the stretch exponent or shape parameter. In Figure 2-10 the influence of β on the 

appearance of the relaxation function is depicted. For β = 1 the KWW describes a single 

exponential decay, whereas it behaves compressed for β > 1 and stretched for β < 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 β. 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 2-10: Influence of the stretching exponent β on the shape of the multiexponential relaxation 

function. 

 

Figure 2-11: Schematic drawing of a relaxation function composed out of multiple single exponential 

functions (β = 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 β = 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 

1 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]  

 

Figure 2-12: Solid sphere-model of Bernal's canonical holes : a) tetrahedron, b) octahedron, c) 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.  
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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 MI 

and MII 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 Ω, which are the predominant atomic species of 

the system, together with the solute atoms labeled as α, β, and γ in descending order of size. 

The different clusters occurring in the system are named by their centered solute atom, e.g. α-

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. rα and rΩ in the 

case of the α-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 r1 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 r1), two (√2 r1), three 

(ඥ8/3 r1) or four atoms (√3 r1). 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 r1 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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Figure 2-14: Schematic drawing of a 2D-Projection of the different atomic species α, β and Ω in a {100} 

plane of an fcc-unit cell. The red and blue circles highlight the different α-centered and β-centered 

clusters surrounded by the solvent atoms Ω. The drawing was originally adapted from Ref. [86], taken 

out of Ref. [91]. 

 

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-Kα source, the higher energy allows to cover 

a larger Q-range15 (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(Qi) and peak width or full width at half maximum (FWHM) FWHMi , 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 QFSDP correlates well with the thermal expansion coefficient αth 

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

ቆ
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ቇ
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𝑉(𝑇௥௘௙)
 (2.36) 

with Tref 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-Kα would be around 8 Å-1. 
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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(QFSDP) 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].  

 

Figure 2-16: Total structure factor S(Q) of Pt42.5Cu27Ni9.5P21 at room temperature in the glassy state . 

The respective maxima Qi are labeled up to the 4th maxima. The first sharp diffraction peak (FSDP) is 

differently labeled by QFSDP (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 ri 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].  

 

Figure 2-17: Reduced total pair distribution function G(r) of Pt42.5Cu27Ni9.5P21 at room temperature in 

the glassy state . The different peak positions ri 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 3rd and 4th 

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]:  

𝐺(𝑟)௠௔௫ = 𝐴଴ exp ൬−
𝑟

𝜉
൰ (2.37)  

,where A0 describes a pre-factor and ξ 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 Å is used to determine the exponential decay of the medium range order and all parameters 

are kept free. In particular the amplitude A0 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 ξ 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 

3rd 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 cp
l, 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 cp is well 

described in a numerical simulation by Ding et al. [102]. In their study Ding et al. compared a 

fragile system, Cu64Zr36, with a rather strong system, Pd82Si18 (compare Figure 2-19). In the 

case of the fragile Cu64Zr36 significant energy minimization was observed through icosahedral 

short-range ordering. The SRO was motivated by the chemistry of both components, as well as 

their topology16. 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 Pd82Si18, 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 Cu64Zr36 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 It 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].  

 

Figure 2-19: Computer simulation of the thermal evolution of enthalpy and specific isobaric heat 

capacity with undercooling for Cu64Zr36 and Pd82Si18 . The two different glass forming liquids feature 

different temperature dependence of both parameters, with Cu64Zr36 featuring a thermodynamically 

fragile behavior with large thermally induced changes, compared to Pd81Si18, showing 

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

et al. [102]. 
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Figure 2-20 Change of different cluster species in the supercooled liquid state for two different metallic 

liquids : Cu64Zr36 (a) fractions and b) the potential energy) and Pd82Si18 (c) fractions and d) potential 

energy). In the case of Cu64Zr36 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, mstr
V4-3, proposed by Wei et al. [96]. Instead of focusing 

on the SRO, this parameter quantifies the changes on the length-scale of the 3rd and 4th 

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 

mstr
V4-3 Wei et al. obtained structural data by total X-ray diffraction during a constant heating 

with 20 K min-1 and the reduced pair distribution function G(r) is calculated. From G(r) the 

volume dilatation ε4-3 between the 3rd and 4th coordination cell can then be calculated by  

𝜀ସିଷ =  −∆𝑉ସିଷ(𝑇)/𝑉ସିଷ(𝑇௚
∗), (2.38) 

with the change in volume between the 3rd and 4th shell ΔV4-3 being 

∆𝑉ସିଷ(𝑇) =  
4

3
 𝜋(𝑟ସ

ଷ − 𝑟ଷ
ଷ), (2.39) 

with r4 and r3 being the peak positions of the 3rd and 4th peak of G(r). From the volume dilatation 

the structural fragility parameter mstr
V

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 

𝑚௦௧௥
௏ସିଷ =  𝑑𝜀ସିଷ/𝑑(

𝑇௚
ᇱ

𝑇
)ቤ

்ୀ ೒்
ᇲ

 (2.40) 

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 mstr
V4-3

, with  

𝑚௦௧௥
௏ସିଷ =  2.95 ∙ 10ିଷ 𝑚௞௜௡௘௧௜௖,௖௔௟௖  − 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 σy of 0.3 GPa for 

Ca-based systems up to 6 GPa in 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 εy 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 (Eelastic = 
ଵ

ଶ
σy εy) and b) a relatively small Young’s modulus Eyoung, 

which can be derived from the ratio of yield strength and elastic limit (Eyoung = 
ఙ೤

ఌ೤
). 

 

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.  

 

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: 

𝜏஼

𝐺
(𝑇) = 𝛾஼଴ − 𝛾஼ଵ ቆ

𝑇

𝑇௚
ቇ

ଶ/ଷ

 (2.42) 

, with 𝜏஼ being the critical shear stress for flow (yield stress), G being the shear modulus and 

𝛾஼଴ = 0.036 and 𝛾஼ଵ = 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 ΔV*[123]: 
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∆𝑉∗ =
𝑘஻ 𝑇

𝜏
ቆ

𝑑𝑙𝑛(𝛾)̇

𝑑𝑙𝑛(𝜏)
 ቇ

௣,்

=
𝑘஻ 𝑇

𝜏 𝑚ௌோௌ
 (2.43) 

with the strain rate sensitivity mSRS. This quantity can experimentally be determined through 

the strain-rate dependence of the hardness: 

𝑚ௌோௌ = ൬
𝑑𝑙𝑛(𝐻௠௘௖௛)

𝑑𝑙𝑛(𝜀̇)
 ൰

௣,்

 (2.44) 

,where Hmech is the micromechanical hardness and 𝜀̇ is the strain rate.  

 

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 mSRS. Plot created from experimental data for 

Pt42.5Cu27Ni9.5P21.  
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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 Tfic
 (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-1. 17Taken 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 Tfic,c , 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 Tfic,c with respect to Tg can be observed between the 

 

17 It shall be noted that the fictive temperature is here labeled as Tf and its critical value as Tfc. In the context of 
the current work Tfic and Tfic,c are used to make it well distinguishable to the temperature of fusion Tf. 
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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 K s-1 (Tfic,c(Pd-BMG) ≈ 1.03 Tg), in 

comparison to the Pt-BMG, where the critical fictive temperature is located well below Tg 

(Tfic,c(Pt-BMG) ≈ 0.9 Tg).  
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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 

(Pd43Cu27Ni10P20) , b) being a Pd-Pt ratio of about 3:1 (Pd36Pt9.3Cu25Ni9.3P20.4), c) being an almost equal 

amount of Pd-Pt (Pd27.5Pt21Cu22.4Ni8.1P21), and d) being a Pt-BMG (Pt57.5Cu14.7Ni5.3P22.5). 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 c) 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)42.5Cu27Ni9.5P21.  
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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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Figure 2-28: Difference in the shear strain in the cluster γcluster to the imposed macroscopic shear strain 

γimposed for different cluster connections present in 8 different metallic glasses. Taken from Ding et 

al. [88]. 
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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 

Pt42.5Cu27Ni9.5P21 and Pd42.5Cu27Ni9.5P21 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 10-3 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 B2O3 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 B2O3 
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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].  

 

 

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 Pt42.5Cu27’Ni9.5P21 after the fluxing procedure with B2O3 
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Finally, the purified master-alloys are mixed in the ratio of the desired compositions; 

Pt42.5-xPdxCu27Ni9.5P21 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 

Pt22.5Pd20Cu27Ni9.5P21. 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 µm in 

thickness), 500 µm 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 ZrO2 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-Erwärmungsanlagen 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 Pt42.5Cu27Ni9.5P21 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 µm 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 

106 K s-1 [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-1 

and a maximum heating power of 40% was used to create ribbons of approximately 10-18 µm 

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 Tg, crystallization Tx, melting Tm, and liquidus temperature Tl, 

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 ΔQ can be tracked through 

changes in temperature ΔT being connected via the mass m and heat capacity c of the material: 
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∆𝑄 = 𝑚 𝑐 ∆𝑇 (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 ΔTSR 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.  

 

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 ΔTSR 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 ΔPSR that is needed to ensure thermal equilibrium, which itself 

is proportional to the heat flow dQ/dt = 𝑄̇ into or out of the sample. This heat flow can be 

described through the derivative of Eq.(3.1):  

𝑑𝑄

𝑑𝑡
= 𝑄̇ = (𝑚ௌ − 𝑚ோ)(𝑐ௌ − 𝑐ோ) 

𝑑𝑇

𝑑𝑡
 (3.2) 

, 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-

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

ensuring a detectable measurement signal, as Q̇ is directly proportional to the applied rate 
ௗ்

ௗ௧
=

Ṫ (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-1.  
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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 conditions18 (dp = 0) and the 1st law of 

thermodynamics: 

𝑑𝐻 = 𝑑𝑈 + 𝑝𝑑𝑉 + 𝑉𝑑𝑝  

𝑑𝐻 = 𝑑𝑄 − 𝑝𝑑𝑉 + 𝑝𝑑𝑉 

𝑑𝐻 = 𝑑𝑄 

(3.4) 

Hence, the measured heat flow 𝑄̇ normalized on the applied heating rate 𝑇̇ can be directly 

related to the enthalpy release via integration in temperature space: 

∆𝐻 = 𝐾 න
𝑄̇

𝑇̇

మ்

భ்

 𝑑𝑇 , (3.5) 

, 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 𝑄̇ can 

be calculated by: 

𝑐௣ = 𝐾ᇱ
𝑄̇𝑀

𝑚௦𝑇̇
 , (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 cv 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 𝑄̇଴. Hence, the actual heat flow of the sample would be more accurately 

described by:  

𝑄̇ௌ = 𝑚ௌ 𝑐ௌ

𝑑𝑇

𝑑𝑡
+ 𝑄̇଴ (3.7) 

The baseline subtracted heat flow curves19 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 Tg.on and end Tg,end of 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 Tl. For a well reproducible determination of the crystallization enthalpy 

∆Hx the integration is performed over the zero-baseline as it represents the crystalline state. The 

same is done to determine the enthalpy of fusion ∆Hf.  

 

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 𝑄̇଴ 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 is used. This leads to the description of the heat flow of 

the sapphire: 

𝑄̇ௌ௔௣௣௛௜௥௘ = 𝑚ௌ௔௣௣௛௜௥௘ 𝑐ௌ௔௣௣௛௜௥௘

𝑑𝑇

𝑑𝑡
+ 𝑄̇଴ (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: 

𝑐ௌ =
𝑄̇ௌ − 𝑄̇଴

𝑄̇ௌ௔௣௣௛௜௥௘ − 𝑄̇଴

𝑚ௌ௔௣௣௛௜௥௘

𝑚ௌ
 𝑐ௌ௔௣௣௛௜௥௘ (3.9) 

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

𝑐௣,ௌ(𝑇) =
𝑄̇ௌ − 𝑄̇଴

𝑄̇ௌ௔௣௣௛௜௥௘ − 𝑄̇଴

𝑚ௌ௔௣௣௛௜௥௘

𝑚ௌ

𝑀ௌ

𝑀ௌ௔௣௣௛௜௥௘
  𝑐௣,ௌ௔௣௣௛௜௥௘(𝑇), (3.10) 

With MSapphire = 20.392 g/mol. Consequently, the measurement of three different configurations 

is needed to accurately calculate the cp of a sample at a given temperature: empty pans (𝑄̇଴), 

reference sample (here sapphire, 𝑄̇ௌ௔௣௣௛௜௥௘) and the actual sample (𝑄̇ௌ).  

 

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-1 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 𝑄்̇̇ஷ଴ (T1) can be determined relating to the heat flow needed to heat the sample to the 

desired temperature T1. Afterwards, during equilibration an isothermal heat flow 𝑄்̇̇ୀ଴(T1) is 

established, corresponding to the heat flow needed to maintain the temperature T1 [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:  

𝑄̇ (𝑇ଵ) = 𝑄்̇̇ஷ଴ (𝑇ଵ) − 𝑄்̇̇ୀ଴ (𝑇ଵ) (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 Tm to ensure a full 

crystallization. Afterwards the measurement program is repeated to record cp for the crystalline 

state. The same samples are used for the determination of the liquid cp above Tl, 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 Tfic. 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 𝑇̇஼ that is equal to 

the heating rate 𝑇̇ு which is probed afterwards. For these conditions of similar heating and 

cooling (𝑇̇ு = 𝑇̇஼) it was shown that the onset of the glass transition in heating Tg,on is coinciding 

with the fictive temperature Tfic in cooling [142]. Based on the observed width of the glass 

transition in heating a transition time τtrans can be defined for the specific fictive temperature 

that was created as: 

𝜏௧௥௔௡௦൫𝑇௙௜௖൯ = 𝜏௧௥௔௡௦(𝑇௚,௢௡) =
𝑇௚,௘௡ௗ − 𝑇௚,௢௡

𝑇̇ு

 (3.12) 

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 𝑇̇଴ is superimposed by a sinusoidal modulation of the 

temperature, where the absolute applied heating rate 𝑇̇௔௕௦௢௟௨௧௘ can be described by: 

𝑇̇௔௕௦௢௟௨௧௘(t) =  𝑇̇଴ + 𝐴்𝜔𝑐𝑜𝑠 (𝜔𝑡) (3.13) 
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where AT is the amplitude of the temperature modulation and ω is the angular frequency of the 

modulation which is connected to the period time P by 

𝑃 =  
2𝜋

𝜔
 (3.14) 

The modulation of the temperature described by 𝑇̇௔௕௦௢௟௨௧௘(t) leads to a modulated heat flow 

signal HFmod(t). From the sliding average of HFmod(t)20, the total heat flow HFtot(T) is derived 

where T refers to the average temperature defined by 𝑇̇଴. 

According to the approach of reversing and non-reversing heat flow, described in Ref. [145], 

this resulting heat flow HFtot(T) can be split into a reversing heatflow HFrev(T) and a non-

reversing heatflow HFnon-rev(T): 

𝐻𝐹௧௢௧(𝑇) = 𝐻𝐹௥௘௩(𝑇) + 𝐻𝐹௡௢௡ି௥௘௩(𝑇)  (3.15) 

The course of these heat flows, illustrated in in the case of the Pt42.5Cu27Ni9.5P21 alloy, highlights 

their different trajectories and temperature dependencies. In particular, the HFtot(T) is 

resembling a conventional temperature scan at the respective linear heating rate 𝑇̇଴, featuring a 

step at the kinetic glass transition event. Similar behavior can be observed for the HFrev, 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 21, 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 HFmod(t) to 
determine the average value and amplitude of it.  

21 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 τd(T) is in the 

order of the applied modulation period [146].  

𝜏ௗ =
1

𝜔
=

𝑃

2𝜋
  (3.16) 

For smaller modulation periods, the step in the reversing heat flow shifts to higher temperatures 

and τd(T) decreases. The temperature of the dynamic glass transition Tg,dyn, is defined as the 

inflection point of the curve, determined by peak fitting of the maximum of δHFrev(T)/δT. A 

depiction of the fitting is depicted in Figure 6-4a). 

 

Figure 3-9: Modulated heat flow HFmod(t) induced by the sinusoidally modulated temperature during a 

heating scan of Pt42.5Cu27Ni9.5P21 . The total heat flow HFtot(T) resembles a classical DSC scan at a linear 

heating rate, featuring the kinetic glass transition event due to the linear heating rate 𝑇̇଴ (in the depiction 

it is noted as q0) . The reversing heat flow HFrev(T) features the dynamic glass transition event, due to 

the underlying modulation period/frequency. The non-reversing heat flow HFnon-rev(T) mathematically 

originates from difference between HFtot(T) and HFrev(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 

𝑇̇଴ = 0.016 K s-1 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 HFrev(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 Å, 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 =  ൬
𝑛𝜆

2𝑠𝑖𝑛 (𝜃)
൰ (3.17) 

, with d being the distance between the crystallographic planes, n being an integer describing 

the order of the scattered intensity, λ being the wavelength of the incident wave and 2θ 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 Å 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 = 𝑘௜௡௜௧௜௔௟ − 𝑘௙௜௡௔௟ (3.18) 

, where kinitial is the wave-vector of the incoming beam and kfinal 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| =
4𝜋 𝑠𝑖𝑛 (𝜃)

𝜆
 (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,λ: 

𝑄௠௔௫,ఒ =
4𝜋

𝜆
 (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-α radiation with a characteristic wavelength 

of 1.54 Å, this leads to a Qmax,λ of around 8 Å-1. In contrast it was shown that for amorphous 

metallic systems a Qmax,λ of around 14 Å-1 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: 

𝐼் = 𝐼஼ + 𝐼ூ஼ + 𝐼ெ஼ + 𝐼஻ீ (3.21) 

, where Ic is the coherently scattered part of the intensity, IIC is the incoherent scattered intensity, 

IMC is the multiple-scattering intensity and IBG 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 

dσC/dΩ, with dΩ 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: 

𝐼஼ = 𝐴 𝑃 𝐶 ൬
𝑑𝜎஼

𝑑𝛺
൰ (3.22) 

, 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: 

𝐼஼ (𝑄) =
〈𝑓(𝑄)〉ଶ

𝑁
 |𝛹(𝑄)|ଶ (3.23) 

, with 〈𝑓(𝑄)〉 being the averaged atomic form factor of all N atoms in the sample22, calculated 

by 

〈𝑓(𝑄)〉 =
1

𝑁
 ෍ 𝑐௜𝑓௜

௜

 (3.24) 

where ci is the concentration of the i-th element and fi is the atomic form factor, which is a 

measure of the scattering intensity of the atoms involved. Further Ψ(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 ν-th atom Rν 

𝛹(𝑄) =
1

〈𝑓(𝑄)〉
෍ 𝑓ఔ 𝑒𝑥𝑝 (𝑖𝑄𝑅ఔ)

ఔ

 (3.25) 

, with 𝑓
𝜈
 being the atomic form factor of the ν-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: 

𝑆(𝑄) = 1 +
𝐼஼(𝑄) − 〈𝑓(𝑄)ଶ〉

〈𝑓(𝑄)〉ଶ
 (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 

Sij
23

, also called Faber-Ziman partial structure functions: 

𝑆(𝑄) = ෍ 𝑤௜௝𝑆௜௝(𝑄)

௜ஸ௝

 (3.27) 

with the weighting factors for each atomic pair wij 

𝑤௜௝ =
𝑐௜𝑐௝𝑓௜(𝑄)𝑓௝(𝑄)

〈𝑓(𝑄)〉ଶ
 (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 Sij(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:  

𝐺(𝑟) =
2

𝜋
න 𝑄[𝑆(𝑄) − 1] 𝑠𝑖𝑛(𝑄𝑟) 𝑑𝑄

ஶ

଴

 (3.29) 

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

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

𝐺(𝑟) = 4𝜋𝑟[𝜌(𝑟) − 𝜌଴] = 4𝜋𝑟𝜌଴[𝑔(𝑟) − 1] (3.30) 

here ρ0 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) = ෍ 𝑤௜௝𝐺௜௝(𝑟)

௜ஸ௝

 (3.31) 

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 

Beamline Furnace 
Energy 

(keV) 

Beam size 

(mm2) 

Resolution,  

pixel size 
Detector 

P02.1 Ceramic 60 0.8 x 0.8 

2048 x 2048, 

200 µm 

Perkin Elmer 

XRD1621 

CsI bonded 

detector 

P02.1 THMS600 60 0.5 x 0.5 

P21.1 THMS600 100 0.5 x 0.5 

P21.1 TS1500 100 0.5 x 0.5 

P21.2 THMS600 70 0.5 x 0.5 
2880 x 2880, 

150 µm 

VAREX 

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 I(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, LaB6 or CeO2) 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 Å-1 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). 

 

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 techniques24. 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, λ = 1.55 Å). These 

short wavelengths enable the tracking of the atomic motion in disordered systems. The typical 

timescales observable in XPCS are around 10-2 s up to 104 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 2θ with respect to the sample. Depending on 

the resulting wave-vector Q = 4π/λ sin(θ) different spatial information (d = 2π/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 3rd generation synchrotron sources being 
needed for XPCS.  
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first sharp diffraction peak QFSDP 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 t1 and 

t2: 

𝐺(𝑄, 𝑡ଵ, 𝑡ଶ) =  
< 𝐼( 𝑄, 𝑡ଵ) ∙ 𝐼( 𝑄, 𝑡ଶ) >௣

< 𝐼( 𝑄, 𝑡ଵ) >௣∙< 𝐼( 𝑄, 𝑡ଶ) >௣
 (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 g2(Q,t) functions are associated to 

the intermediate scattering function, f(Q,t), through the Siegert relation 𝑔ଶ(𝑄, 𝑡) =  1 + 𝛾 ∙

|𝑓(𝑄, 𝑡)|ଶ with γ being the experimental contrast. The g2(Q,t) functions were fitted using a 

Kohlrausch-Williams-Watts (KWW) function: 

𝑔ଶ(𝑄, 𝑡, 𝑇) =  1 + 𝑐(𝑄, 𝑇) 𝑒𝑥𝑝( −2 ൬
𝑡

𝜏(𝑄, 𝑇)
൰

ఉ(ொ,்)

 (3.33) 

where τ(Q,T) is the structural relaxation time, β(Q,T) is the shape parameter and c(Q,T) is the 

product of the experimental contrast γc(Q,T) and the square of the non-ergodicity factor fq(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]0.4[KNO3]0.6 (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]:  

𝜏(𝑄) =  𝑄ିఈ (3.34) 

, where n is the respective exponent of the wave-vector dependence. For α = 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. α = 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 α = 0 the relaxation time would become Q-independent. A 

constant value of τ(Q) at Q below the FSDP of S(Q), suggests the existence of a Q-independent 

(called Q0) 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 1013 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 𝑢̇ can be computed. It relates to the bending velocity 𝑣 as just its negative value (-𝑢̇ = 𝜈).  

 

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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𝜂(𝑡) = −
𝑔 ∙ 𝐿ଷ

144 𝐼𝜈
 ∙ ൤𝑀 +

𝜌𝐴𝐿 

1.6 
൨ (3.35) 

,where 𝜈 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 𝜌 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 × 13 × 40 mm. To optimize the signal-to-noise ratio the thickness of the 

beams was varied from 0.4 to 1.5 mm. 

 

Figure 3-16: Isothermal viscosity measurement of Pd42.5Cu27Ni9.5P21 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 ηeq. 
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The determination of viscosity was performed in continuous heating at heating rates of 

0.33 K s-1 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 of 0.33 K s-1
 

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: 

𝜂(𝑡) = 𝜂௚ + 𝛥𝜂௘௤ି௚  ൭1 − 𝑒𝑥𝑝 ቆ− ൬
𝑡

𝜏
൰

ఉ

ቇ൱ (3.36) 

,where ηg is the initial viscosity of the glassy state, ∆ηeq-g the difference between the equilibrium 

viscosity and the viscosity of the glass, τ the relaxation time and β 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: 

𝐻௠௘௖௛ =
𝑃௠௔௫

𝐴
  (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 Pt42.5Cu27Ni9.5P21 

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 Pt42.5Cu27Ni9.5P21 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  

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 # 

Journal 
Central questions Methodology used 

I 

 

Acta Materialia 

 How does the Pt/Pd ratio 

influence the characteristic 

temperatures (Tg, Tx, Tm, Tl), 

heat capacities (cp,l
, cp,x), 

enthalpy (ΔHl-x) entropy 

(ΔSl-x) and Gibbs free energy 

(ΔGl-x)? 

 Can the embrittlement at 

high Pd content be 

explained? 

 Is there a correlation of the 

changes in heat capacity to 

the structural information 

obtainable by High-energy 

synchrotron X-ray 

diffraction? 

 Differential Scanning 

Calorimetry (DSC) in the 

glassy, crystalline, and 

undercooled and 

equilibrium liquid state  

 High-energy synchrotron 

X-ray diffraction (HE-

XRD) in the glassy and 

supercooled liquid (SCL) 

state  

II 

 

Communications 

Physics 

 How does the dynamics of 

the deeply undercooled Pt-

based liquid behave in 

comparison to the Pd-based 

liquid in the vicinity of the 

glass transition. 

 X-ray photon correlation 

spectroscopy in the 

supercooled liquid state at 

different temperatures and 

wave-vectors (XPCS) 

 HE-XRD in the glassy and 

supercooled liquid state  
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 How are the underlying 

structural changes compared 

to the dynamic slowdown 

close to the glass transition? 

 How do the structural 

differences in the Pt and Pd-

based liquids influence the 

wave-vector dependence 

(“De Gennes narrowing”) of 

the intermediate scattering 

function? 

 Structural analysis via 

Fourier-transformation of 

HE-XRD data 

 Thermomechanical 

Analysis (TMA) in the 

glassy and supercooled 

liquid state 

 DSC in the glassy and SCL 

state  

III 

 

Scientific 

Reports 

 How do the changes in Pt/Pd 

content as well as thermal 

history/relaxation state 

influence the 

micromechanical 

performance, regarding 

microhardness, number of 

serrations, plasticity, and 

strain-rate sensitivity (SRS)? 

 Does the plasticity in 

micropillar compression 

correlate to the changes in 

SRS? 

 Is there a structural signature 

regarding the connecting 

schemes of clusters that fits 

the changes in plasticity?  

 Can the theory of cluster 

connecting schemes, stated 

in Publication IV be verified 

experimentally? 

 Nanoindentation in the 

glassy state with different 

thermal histories 

 Micropillar compression 

in the glassy state with 

different thermal histories 

 HE-XRD in the glassy 

state with different thermal 

histories 
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IV 

 

Communications 

Physics 

 Can the significant 

differences in 

thermophysical properties 

(heat capacity, melting 

enthalpy and tendency to 

embrittlement) of Pt-P 

compared to Pd-P liquids be 

explained by structural 

investigations? 

 HE-XRD)in the glassy and 

SCL state on the series of 

Pt-Pd-Cu-Ni-P based 

metallic glass formers 

 

V 

 

Physical Review 

Letters 

 Is there experimental 

evidence on the wave-vector 

dependence of the 

intermediate scattering 

function in the deeply 

supercooled state? 

 X-ray photon correlation 

spectroscopy (XPCS) in 

the supercooled liquid 

state at different 

temperatures and wave-

vectors on two metallic 

liquids (Pd-Cu-Ni-P and 

Au-Cu-Si-Pd-Ag) 
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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” 

 

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)42.5Cu27Ni9.5P21 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 α-relaxation in supercooled metallic 

liquids” 

 

Figure 4-2: Graphical abstract of publication II “Disentangling structural and kinetic components of the 

α-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 

Pt42.5Cu27Ni9.5P21 in contrast to Pd42.5Cu27Ni9.5P21 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 Pd42.5Cu27Ni9.5P21 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 Pt42.5Cu27Ni9.5P21. 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 α-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 α-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 α-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 in 

model Bulk Metallic Glasses” 

 

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-Tg 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 2nd 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 nm3, increasing with Pd concentration. The smaller STZ volume for Pt42.5Pd0 

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 Pt0Pd42.5 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 Pt0Pd42.5 only a single 

major shear band is activated leading to a brittle fracture. In contrast, Pt42.5Pd0 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 atoms. 

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” 

 

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/Pd42.5-xCu27Ni9.5P21 alloy series are investigated at room-temperature and the 

Pt42.5Cu27Ni9.5P21 and Pd43Cu27Ni10P20
 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 

Pt42.5Cu27Ni9.5P21 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 Pd43Cu27Ni10P20 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/Pd42.5-xCu27Ni9.5P21, 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” 

 

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 forming liquids (Au49Cu26.9Si16.3Ag5.5Pd2.3 and 

Pd42.5Cu27Ni9.5P21) closely above the glass transition temperature.  

From modelling of the decay of the intermediate scattering function the shape parameter β of 

the relaxation process and its relaxation τ time are obtained. In comparison to the static structure 

factor S(Q) it is found that the maximum in both parameters, β and τ 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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5.1 Publication I 
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5.3 Publication III  
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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 III25. 

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 α-relaxation process. It is connected to 

the dynamic glass transition process, i.e., the frequency dependence of the α-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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transition26 [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 qc and the dynamic 

relaxation time τd [188,190]. With these considerations in mind, the aim of this section is to 

present the fragility of twelve Pt42.5-xPdxCu27Ni9.5P21 alloys based on studies of the rate and 

frequency dependence of the kinetic and dynamic glass transition. 

 

Figure 6-1: Thermograms of standard-treated samples with the composition Pt42.5-xPdxCu27Ni9.5P21  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 (Tg,end 

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

To study the rate dependence of the kinetic glass transition, four compositions 

Pt42.5-xPdxCu27Ni9.5P21 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-1
 

 

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

Pt42.5Pd0Cu27Ni9.5P21 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 observed27. 

Based on the width of the glass transition region Tg,end-Tg,on and the applied rate qh, 

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, τtrans, 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 Pt42.5-xPdxCu27Ni9.5P21 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))  

𝜏(𝑇) = 𝜏଴ ∙ 𝑒𝑥𝑝 ൬
𝐷∗ ∙ 𝑇଴

𝑇 − 𝑇଴
൰  , (6.1) 

The pre-exponential factor τ0 corresponds to the fastest possible relaxation time in the high 

temperature limit (T→∞) of the liquid state.  

For the terminal compositions with x = 0 and x = 42.5 the pre-exponential factor τ0 is calculated 

based on viscosity measurements and derived VFT- parameters of Refs. [36,172] and the newly 

determined proportionality factor Gτ-η. The underlying methodology was applied and is 

discussed in detail in Ref. [28], being based on a Maxwell-type equation (compare eq. (2.30)): 

𝜂(𝑇) = 𝐺ఛିఎ 𝜏(𝑇) (6.2) 

 

27 For the given conditions of similar heating and cooling (𝑇̇ு  = 𝑇̇஼) the onset of the glass transition in heating Tg,on 
is coinciding with the fictive temperature Tfic in cooling. 
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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 Pt42.5-xPdxCu27Ni9.5P21 

with a) x = 0, b) x = 7.5, c) 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 Tg
*-nominated inverse temperature scale in an Angell-plot for better graphical illustration 

of the fragility. 

The intermediate τ0 values are calculated based on interpolated proportionality factors Gτ-η, that 

are weighted with the respective Pt and Pd content [Gτ-η = (Pt-

content/42.5)·Gτ-η(Pt42.5Pd0) + (Pd-content/42.5)·Gτ-η(Pt0Pd42.5) ]. 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 Tg
*, 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.  
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Figure 6-3: Proportionality factor Gτ-η for the transition times from Tg-shift measurements as a function of 

Pd-content for the Pt42.5-xPdxCu27Ni9.5P21 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 τ0 parameter is fixed in the fits. The error describes the fitting error. 

Pt content 

(at%) 

Pd content 

(at%) 

Gτ,d-η 

(MDSC) (Pa) 

τ0 (MDSC) 

(s) 
D* (MDSC) 

T0 (MDSC) 

(K) 

42.5 0 3.74 x 108 1.07 x 10-13 15.6 ± 0.4 352 ± 3 

40 2.5 4.65 x 108 8.60 x 10-14 15.4 ± 0.4 356 ± 3 

35 7.5 6.47 x 108 6.18 x 10-14 16.1 ± 0.4 355 ± 3 

30 12.5 8.29 x 108 4.83 x 10-14 17.0 ± 0.5 353 ± 4 

25 17.5 1.01 x 109 3.96 x 10-14 17.2 ± 0.3 357 ± 2 

22.5 20 1.10 x 109 3.63 x 10-14 16.9 ± 0.9 362 ± 6 

20 22.5 1.19 x 109 3.35 x 10-14 17.3 ± 0.4 362 ± 3 

17.5 25 1.28 x 109 3.12 x 10-14 16.2 ± 0.7 372 ± 5 

12.5 30 1.47 x 109 2.73 x 10-14 15.9 ± 0.3 381 ± 2 

7.5 35 1.65 x 109 2.43 x 10-14 15.1 ± 0.3 393 ± 2 

2.5 40 1.83 x 109 2.19 x 10-14 14.0 ± 0.3 408 ± 3 

0 42.5 1.92 x 109 2.08 x 10-14 14.8 ± 0.3 404 ± 2 

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

Tg-shift measurements. The τ0 parameter is fixed in the fits. The error describes the fitting error. 

Pt content 

(at%) 

Pd content 

(at%) 

Gτ,t-η (Tg-

shift) (Pa) 

τ0 (Tg-shift) 

(s) 
D* (Tg-shift) 

To (Tg-

shift) (K) 

42.5 0 1.82 x 108 2.19 x 10-13 16.7 ± 1.5 344 ± 10 

40 2.5 2.52 x 108 1.58 x 10-13 / / 

35 7.5 3.92 x 108 1.02 x 10-13 16.3 ± 0.8 356 ± 6 

30 12.5 5.32 x 108 7.51 x 10-14 / / 

25 17.5 6.72 x 108 5.95 x 10-14 / / 

22.5 20 7.42 x 108 5.39 x 10-14 18.6 ± 0.8 352 ± 5 

20 22.5 8.12 x 108 4.92 x 10-14 / / 

17.5 25 8.82 x 108 4.53 x 10-14 / / 

12.5 30 1.02 x 109 3.91 x 10-14 / / 

7.5 35 1.16 x 109 3.44 x 10-14 16.9 ± 0.9 381 ± 7 

2.5 40 1.30 x 109 3.07 x 10-14 / / 

0 42.5 1.37 x 109 2.92 x 10-14 13.6 ± 0.5 414 ± 4 
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6.1.2 Frequency Dependence of the Dynamic Glass Transition 

 

Figure 6-4: Results of the modulated DSC measurements :  

a) Reversing heat flow obtained by modulated scanning calorimetry at 0.05 K s-1 with different 

modulation periods P for the alloy Pt20Pd22.5Cu27Ni9.5P21. 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 

Tg
* (≡T(τ = 100 s)) nominated inverse temperature for all twelve alloys with the compositions 

Pt42.5-xPdxCu27Ni9.5P21 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 Tg,dyn
 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 Tg,dyn 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 τd, 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 

𝜏ௗ =
𝑃

2𝜋
 (6.3) 

To report the results of all twelve examined alloys a normalization on Tg
*, 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 Pt42.5Cu27Ni9.5P21 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 Tg
* and 

100 s. The resulting m-fragilities are summarized in Figure 6-4c) 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 τ0 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 τ0
 from viscosity measurements. 

A detailed discussion on this topic can be found in Ref. [146].  

 

Figure 6-5: Transition and dynamic relaxation times over inverse temperature for the compositions Pt42.5-

xPdxCu27Ni9.5P21 with a) x = 0, b) x = 7.5, c) x = 20, d) x = 35 and e) 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-shift and 

MDSC measurements are converted into equilibrium viscosity values through their individual 

proportionality constants Gτ-η for the two boundary compositions of Pt42.5Cu27Ni9.5P21 and 

Pd42.5Cu27Ni9.5P21. It shall be noted that the calculation of Gτ-η 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 τ0 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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I  

Figure 6-6: Equilibrium viscosities as a function of inverse temperature determined from relaxation and 

transition times from different techniques for a) Pt42.5Cu27Ni9.5P21 and b) Pd42.5Cu27Ni9.5P21. The kinetic 

data from Tg-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].  

 

Figure 6-7: Relaxation times over inverse temperature of Pt-liquid at various wave-vectors . The dashed 

lines represent VFT fits using D* and T0 parameters obtained from macroscopic viscosity measurements 

from Ref. [36], keeping τ0 , 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 τ0 as a function of Q is provided in the inset. τ0 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 Pd42.5Cu27Ni9.5P21 and compositionally close 

alloys (e.g. Pd43Cu27Ni10P20) [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 

Δcp
l-x(Tg)/Tg are reported as a function of Pd/Pt content in Figure 6-8a). The quantity 

Δcp
l-x(Tg)/Tg describes the rate of change of the excess entropy ΔSl-x (dΔSl-x/dT |T=Tg= Δcp

l-x/Tg, 

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 Tg-normalized jump 

in heat capacity at Tg as a total measure of the change in configurational entropy (right axis) as a function 

of Pd/Pt content of the Pt42.5-xPdxCu27Ni9.5P21 liquids   

b) Scatter Plot of the Tg-normalized jump in heat capacity at Tg over the inverse of the kinetic fragility 

parameter D* of the different Pt42.5-xPdxCu27Ni9.5P21 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.   

c) Inverse fragility parameter 1/D* (left axis) as a measure of kinetic fragility and Tg-normalized jump 

in heat capacity at Tg 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 Pt42.5-xPdxCu27Ni9.5P21 liquids 

d) Scatter Plot of the Tg-normalized jump in heat capacity at Tg normalized to the entropy of fusion over 

the inverse of the kinetic fragility parameter D* of the different Pt42.5-xPdxCu27Ni9.5P21 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 Δcp
l-x/Tg 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 

Δcp
l-x(Tg)/Tg, 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-1 K-1 compared to the Pt-rich alloys of 

11.3 J g-atom-1 K-1. 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-1 K-1 (= 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 

(dHl-x/dT|T=Tg = Δcp
l-g(Tg)) and entropic (dSl-x/dT|T=Tg = Δcp

l-g(Tg)/Tg) 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 Δcp
l-x(Tg)/Tg to the 

absolute value of the entropy of fusion Sf (= Hf / Tliq)28. 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 (∆Gl-x = 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 (Tliq-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 Svib and a configurational part Sconf. 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.  

 

Figure 6-9: Entropy of fusion as a function of Pd content for Pt42.5-xPdxCu27Ni9.5P21 . 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 Å) seem to mirror well the kinetic fragility determined through macroscopic experiments 

(compare section 2.5.4) [96]. Especially the volume dilation of the 3rd and 4th coordination shell, 

scaling between 8 and 12 Å, 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, mstr
V4-3, proposed by Wei et al. [96]. 

6.3.1 Structural Fragility Parameter of SCL upon heating 

Figure 6-10a) shows the volume dilatation ε4-3 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 mstr
V4-3 are summarized as a function of Pd/Pt content 

in Fig. 5b). The quantitative correlation between the kinetic m-fragility parameter mkinetic,calc 

and mstr
V4-3 described in eq. (2.41), can be read off from the right ordinate of Figure 6-10b). A 

small value of mstr
V4-3 means almost no dilation between the 3rd and 4th 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 mstr
V4-3

 can be observed, suggesting an increasingly strong 

behavior. At higher Pd contents, the value of mstr
V4-3

 remains almost constant at values around 

0.015 and 0.02, with a slight drop to 0.013 for the terminal composition Pd42.5Cu27Ni9.5P21, 

exhibiting the strongest structural fragility behavior. 
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Figure 6-10: The structural fragility model of Wei for Pt42.5-xPdxCu27Ni9.5P21 liquids :  

 a) Structural evolution of the Pt42.5-xPdxCu27Ni9.5P21 liquids with different Pt/Pd contents just above Tg 

represented by the volume dilation ε4-3, reflecting the change of the local volume V4-3 between r3 and r4 

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 mstr.  

b) Structural Fragility mstr 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] 

(mkinetic,calc = (mstr
V4-3+0.124)/2.95×10-3)) 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 

II, the empiric correlation of Wei et al.29 (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 observed30. 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 

 

29 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. 
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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. 

 

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 Pt42.5-xPdxCu27Ni9.5P21 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.  

 

Figure 6-12: Comparison of macroscopic and microscopic density in Pt42.5-xPdxCu27Ni9.5P21 .  

Average atomic density of the glassy state at room temperature derived from the cube of the position of 

the first sharp diffraction peak Q1
3 as a function of Pt/Pd content in Pt42.5-xPdxCu27Ni9.5P21 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 QFSDP
3 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 φ is calculated by [213]: 

𝜑 = 𝑉௔௧௢௠௜௖ 𝑛 
(6.4) 

with Vatomic being the weighted mean atomic volume31 and n being the number density, which 

is calculated by:  

𝑛 =
𝜌 𝑁஺

𝑀
 (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. 

Pt Pd density 
molar 

mass 

number 

density 

avg 

.atomic 

volume32 

packing 

fraction 
Q1 

at% at% g cm-3 g mol-1 x1022 cm-3 Å3 / Å-1 

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 Q1
3 as a 

function of Pt/Pd content in Pt42.5-xPdxCu27Ni9.5P21 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-1 into the SCL at a temperature of Tg,end + 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 Pt42.5Cu27Ni9.5P21 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-

1 [6]) 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(Q1) 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 Q1 towards higher values. It also results in a higher degree of order that 

is visible in a growth of S(Q1) and a sharpening of the peak, leading to a decrease in 

FWHM(Q1). For a better understanding, the calorimetric trace of both the 1st heating (as-cast 

state) and 2nd 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-1 in 

an in-situ high energy synchrotron X-ray diffraction experiment of Pt42.5Cu27Ni9.5P21. The shape of the 

peak is described using the different parameters of a) peak position Q1, peak height S(Q1) and full-width 

at half maximum FWHM(Q1). An initial heating into the SCL to Tg,end +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 Pt42.5Cu27Ni9.5P21 at a heating rate of 0.33 K s-1 obtained from 

differential scanning calorimetry comparing the as-cast and “standardized” state, which was obtained 

through a defined cooling with -0.33 K s-1 from the SCL (Tg,end+15 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 Tg,end 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 β-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 β-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 β-

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).  

 

Figure 6-16: Enthalpy of 0.5 mm plates of Pt42.5Cu27Ni9.5P21 at a heating rate of 0.33 K s-1 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-1 from the SCL (Tg,end+15 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 Tg,end is 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 Pt42.5Cu27Ni9.5P21 in Figure 8-5 and Figure 8-6.  

6.3.2.1.3  Thermal Evolution of the Peak Position of the FSDP 

 

Figure 6-17: Relative change of the position of the FSDP of the total structure factor S(Q) as a function 

of temperature for Pt42.5-xPdxCu27Ni9.5P21 upon heating with 0.33 K s-1. For all compositions the glassy 

state created after being cooled by 0.33 K s-1 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-1), eliminating relaxation effects (compare 2nd 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] 

 

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 Pt42.5-xPdxCu27Ni9.5P21 upon heating with 0.33 K s-1. For all 

compositions the glassy state created after being cooled by 0.33 K s-1 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 th,XRD is observed, reaching a plateau at ~ 4.4 10-5 K-1. The value of the thermal 

expansion of the Pt42.5Cu27Ni9.5P21 determined from the diffraction data th,XRD = 4.18 10-5 K1 is 

in reasonable agreement with the value of th obtained through dilatometry th,Dil = 3.95 105 

K1 [78] Further similar values of th,XRD = 4.21 10-5 K-1 are reported for the compositionally 

similar Pd43Cu27Ni10P20 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 Q1 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 Q1 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 Pt42.5-xPdxCu27Ni9.5P21 upon heating with 0.33 K s-1 

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 Tg 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 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 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. Pt22.5Pd20 

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).  



Results and Discussion 
  199 

 

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 Pt42.5-xPdxCu27Ni9.5P21 upon heating with 0.33 K s-1. For all compositions the 

glassy state created after being cooled by 0.33 K s-1 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 Pt42.5-xPdxCu27Ni9.5P21 upon 

heating with 0.33 K s-1 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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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. Pt22.5Pd20 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 Pt42.5-xPdxCu27Ni9.5P21 upon heating with 0.33 K s-1. 

For all compositions the glassy state created after being cooled by 0.33 K s-1 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 cp
l-x(Tg)/Tg. 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 

structure factor S(Q) as a function of temperature for Pt42.5-xPdxCu27Ni9.5P21 upon heating with 0.33 K s-1 

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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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 dΓ/dT for the different Pt42.5-xPdxCu27Ni9.5P21 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 Δcp
l-x (Tg)/Tg. for the different Pt42.5-xPdxCu27Ni9.5P21 upon 

heating with 0.33 K s (right axis).   

b) Scatter plot of the change in FWHM with temperature dΓ/dT over the by Tg normalized difference in 

specific isobaric heat capacity between liquid and crystal Δcp
l-x (Tg)/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. 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 ri with 

i = 1, 2.1, 2.2, 3, 4 of G(r) are analyzed for the supercooled liquid region. It shall be noted that 

the 2nd 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 mri = dri/(dT/Tg) 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) 

r3 , c) r2.1 and r2.2 and d) r1 on a Tg-scaled temperature axis for five chosen alloys of Pt42.5xPdxCu27Ni9.5P21 

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 r2 and r1. 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 Å at the FSDP up 

to around 10 Å at the 4th peak position. 
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In Figure 6-25a)-d) the resulting linear thermal expansions of the different atomic shells mri 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 Tg normalized scale. Here it becomes obvious that 

with an increasing amount of Pd the changes on the 3rd and 4th 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 3rd and 4th shell, corresponding to a 

length scale of 6 - 10 Å, associated to MRO. In contrast, the Pd-rich compositions feature the 

most significant changes at the 1st 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 mri of linear fitted change of the different peak positions of the reduced pair 

distribution function a) r4, b) r3 , c) r2.1 and r2.2 and d) r1 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-1 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 Å at the FSDP up to around 10 Å at the 4th 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 (Pd42.5Cu27Ni9.5P21) and the 

Linkam TMS1500 furnace (Pt2.5Pd40Cu27Ni9.5P21 and Pt7.5Pd35Cu27Ni9.5P21) (compare section 

3.3.2). Based on these measurements the volume dilation between the 3rd and 4th shell ε4-3 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 probed33. 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.  

 

Figure 6-27: a) Volume dilation ε4-3
 of a) Pt7.5Pd35Cu27Ni9.5P21 b) Pt2.5Pd40Cu27Ni9.5P21 and 

c) Pd42.5Cu27Ni9.5P21 during cooling with various cooling rates, reflecting the change of the local volume 

V4-3 between r3 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 mstr
V4-3.  

d) Structural Fragility mstr 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.  

+ 

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 ξ of the 

Pd42.5Cu27Ni9.5P21 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.Cu27Ni9.5P21 during heating and cooling at a constant rate of 0.33 K s-1. For a better orientation the 

liquidus temperature Tl is included as well as the glass transition temperature Tg and the temperature, 

where the changing behavior of ε4-3 was observed, here labeled by Tε4-3 (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 ξ during heating and cooling of Pd42.5.Cu27Ni9.5P21 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 Tl 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]. 

At around 1100 K the system seems to remain on a constant level of correlation length at around 

3.25 Å 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 ε4-3 at the Tε4-3. 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 partials34, 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 Pt42.5-xPdxCu27Ni9.5P21 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 Pt42.5-xPdxCu27Ni9.5P21 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 Å-1, 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 Pt42.5Cu27Ni9.5P21 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 Pt42.5Cu27Ni9.5P21 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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Figure 6-32: a) Weighting factor at a wave-vector of 2.9 Å-1, located in the vicinity of the first sharp 

diffraction peak for the noble metal – noble metal contribution (squares) and the pair correlations of the 

noble metals with Cu and Ni each (triangles) and the combination of both (hexagons).   

b) Relative change of the weighting factor with composition with respect to the initial composition of 

Pt42.5Cu27Ni9.5P21.  
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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 Pt42.5Cu27Ni9.5P21. 

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 ε4-3 data of Pd42.5Cu27Ni9.5P21 followed 

by an abrupt flattening at around 690 K (1.2 Tg) into a slope that matches the slope observed 

during the heating experiments. The region at elevated temperatures yields a mstr
V4-3 of 0.06, 

converting to a D* of around 13, fitting the fragility expected for the Pd liquid. For 

Pt7.5Pd35Cu27Ni9.5P21 and Pt2.5Pd40Cu27Ni9.5P21 a similar behavior as for Pd42.5Cu27Ni9.5P21 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 m4-3
str 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 Pd43Cu27Ni10P20, which is 

compositionally very similar to the Pd42.5Cu27Ni9.5P21 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 ε4-3
 of Pd42.5Cu27Ni9.5P21 during cooling with 0.33 K s-1, reflecting the 

change of the local volume V4-3 between r3 and r4 of the reduced pair distribution function G(r) (open 

blue circles, left axis) combined with diffusion data of different atomic species taken from Ref. [56]. 

Vertical lines are added to clarify different significant temperatures such as the mode-coupling 

temperature determined in Ref. [56], the bending point of the ε4-3 data at Tε4-3 = 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 ε4-3 of Pd42.5Cu27Ni9.5P21 during cooling from the liquid 

state (data from Figure 6-27c)) are compared to the mobility of the different atomic species in 

Pd43Cu27Ni10P20 from Ref. [56], namely the diffusion coefficients of Pd, P and Co, with the 

latter being representative for Ni. Interestingly, the flattening of ε4-3 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 mstr
V43 metric incapable to 

describe the overall fragility of the system. The almost temperature invariant behavior of ε4-3 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 
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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 r1 (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 3rd and 4th 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 Tg. 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 

 

Figure 8-1: Evolution of the first sharp diffraction peak during heating and cooling with 0.33 K s-1 in an 

in-situ high energy synchrotron X-ray diffraction experiment of Pt35Pd7.5Cu27Ni9.5P21. The shape of the 

peak is described using the different parameters of a) peak position Q1, peak height S(Q1) and full-width 

at half maximum FWHM(Q1). An initial heating into the SCL to Tg,end +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-1 in an 

in-situ high energy synchrotron X-ray diffraction experiment of Pt22.5Pd20Cu27Ni9.5P21. The shape of the 

peak is described using the different parameters of a) peak position Q1, peak height S(Q1) and full-width 

at half maximum FWHM(Q1). An initial heating into the SCL to Tg,end +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-1 in an 

in-situ high energy synchrotron X-ray diffraction experiment of Pt7.5Pd35Cu27Ni9.5P21. The shape of the 

peak is described using the different parameters of a) peak position Q1, peak height S(Q1) and full-width 

at half maximum FWHM(Q1). An initial heating into the SCL to Tg,end +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-1 in an 

in-situ high energy synchrotron X-ray diffraction experiment of Pd42.5Cu27Ni9.5P21. The shape of the peak 

is described using the different parameters of a) peak position Q1, peak height S(Q1) and full-width at 

half maximum FWHM(Q1). An initial heating into the SCL to Tg,end +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 Pt42.5Cu27Niu9.5P21 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-1 being the reference state.  
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Figure 8-6: Evolution of the FWHM of the FSDP of for Pt42.5Cu27Niu9.5P21 with different thermal 

histories. The curves reproduce well the enthalpic states determined by DSC in Figure 8-5. 
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Figure 8-7: Fitting procedure of the Ornstein-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 Pt42.5Cu27Niu9.5P21 

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.  



Appendix 
  235 

 

Figure 8-9: Normalized correlation length of two different glass forming systems, Pd42.5Cu27Ni9.5P21 (this 

work) and Vitreloy 106a (Vit 106a) reproduced from the work of Stolpe [78] 
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Figure 8-10: Time for the diffusion of an average distance of 9 Å (~4th 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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Figure 8-11: Evolution of the normalized peak position of the reduced pair distribution function as a 

function of temperature. The influence of the decoupled atomic mobility seems to increase with the 

length-scale of the respective shell, leading to the strongest influence at r4 and an almost invisible 

influence on r1.  
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