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Abstract

The present cumulative PhD thesis incorporates six first author publications as well as
additional results and discussions that focus on the material class of bulk metallic glasses.
The first three publications investigate the dynamics of deeply supercooled metallic glass
forming liquids as well as their crystallization and vitrification behavior. This includes the
question of how to determine the fragility of metallic glass formers and how to model and
combine respective data stemming from various experimental approaches. Furthermore,
the close connection between liquid fragility and crystallization is demonstrated by
determining and modelling a complete TTT diagram. Finally, first of its kind XPCS studies
under temperature scanning conditions allow to firstly reveal and model the complex
rivalry between two different types of atomic dynamics that arises with vitrification. The
last three publications focus on the rather industry-related topic of additive
manufacturing of metallic glasses via laser powder bed fusion. In this context, three
different alloy families are investigated and evaluated for the additive manufacturing
process. The resulting specimens can reach outstanding strengths of up to 2.5 GPa and
high hardness values of almost 900 HV1. Furthermore, potential application cases for
additively formed metallic glasses and a post-processing route in form of thermoplastic

forming are presented and discussed.
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Zusammenfassung

Die vorliegende kumulative Dissertationsschrift umfasst sechs Erstautor-Publikationen
welche sich, in Kombination mit zusatzlichen Ergebnissen und Diskussionen, dem Thema
der metallischen Massivglaser widmen. Die ersten drei Publikationen widmen sich dabei
der Untersuchung der Dynamik, des Kristallisations- und des Vitrifizierungsverhaltens
stark unterkiihlter metallischer Glasformer. Im Kontext der Fragilitat wird hierbei den
Fragestellungen der Messung, Modellierung und Vergleichbarkeit unterschiedlicher
Datensédtze nachgegangen. Weiterhin wird die enge Verknilipfung zwischen Fragilitdat und
Kristallisationsverhalten exemplarisch anhand einer experimentellen Bestimmung und
Modellierung eines TTT-Diagramms aufgezeigt. Neuartige XPCS-Messungen unter
kontinuierlicher Temperaturdanderung mit konstanter Rate erlauben erstmalig die mit
dem Glasiibergang einhergehende Rivalitat zweier grundlegend unterschiedlichen Arten
atomarer Dynamik offenzulegen und mathematisch zu beschreiben. Die drei letzten
Publikationen befassen sich mit der additiven Fertigung metallischer Glaser mittels des
Pulverbett-basierten Laserstahl-Schmelzens. Dabei werden drei Legierungsfamilien
hinsichtlich ihrer Prozesseignung untersucht. Die erzeugten Proben erreichen
aufsergewohnliche Festigkeiten von bis zu 2,5 GPa und hohe Harten von nahezu 900 HV1.
Weiterhin werden mogliche Anwendungen additiv gefertigter metallischer Glaser sowie

ein Nachbearbeitungskonzept auf Basis des thermoplastischen Formens prasentiert.
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Interpretation was mainly done by Jan Wegner and Maximilian Frey. The manuscript was

written by Maximilian Frey, all authors provided feedback and reviewing.
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Figure 1.2: Additive manufacturing allows for complexly shaped metallic glass
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which determines the time dependence of the MSD. Normal diffusive behavior is
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Figure 2.2: Exemplary normalized structural autocorrelation functions ®(t) as a function
of time, which illustrate the effect of the shape exponent . A single exponential decay is
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Figure 2.3: a) [llustration of the normal diffusive nature of the so-called ‘Brownian motion’
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diffusive motions are found in high-temperature liquids, even though all particles feature
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Figure 2.4: Comparison of the ‘homogeneous’ and ‘heterogeneous’ scenario of dynamic
heterogeneities in liquids. In case of the former extreme, every location in the liquid
features the same broad relaxation time distribution. In course of a (macroscopic)
characterization of the system, one averages over the ensemble of these locations, thereby
naturally reproducing the very same distribution. In case of the latter extreme, local
relaxation events are not stretched but single exponential and differ massively in their
relaxation times. Yet, ensemble averaging over all these locations again leads to a broad

timescale distribution, as observed for the ‘homogeneous’ scenario. Taken from [89]...13

Figure 2.5: Spatial relaxation time maps of a Pt-based metallic glass forming liquid
measured via ECS at three different temperatures near the glass transition. With
decreasing temperature, we observe an overall decrease of relaxation times (more blue
colors) and also an increase of spatio-temporal heterogeneity (larger color contrast).
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Figure 2.6: Atlow temperatures, particles can become trapped by their nearest neighbors,
thereby limiting their mobility through the so-called caging effect and leading to sub-

diffusive liqUid dYNamICS. ..o 15

Figure 2.7: An Angell plot with mostly metallic glass formers, taken from [110]. The
viscosity temperature dependencies of various (glass forming) liquids are compared by
normalizing the inverse temperature axis via the glass transition temperature. Systems
that show rather straight, Arrhenius-like trendlines are termed ‘strong’, those with

curved, super-Arrhenius-like trendlines are termed ‘fragile’. ......ccororrmrernerenereneneeneneenens 17

Figure 2.8: A schematic illustration of the linear response criterium. We see that the
interplay between perturbation amplitude AP and system response amplitude AR can be
of non-trivial (non-linear) form. Yet, as long as the assumption of a proportionality
between both represents a good approximation, the linear response criterium is fulfilled.
This is usually the case for small perturbation scales (green). Larger perturbations usually

violate the Criterium (TEA). .o s s ssnaes 22

Figure 2.9: Comparing two kinetic glass transition temperatures Tgkin(qc,1) and Tgkin(qc,2)
as a function of the applied cooling rates qc,1<qcz2. By taking Equation (2.22) into account,
we can see that the super-exponential shape of the t(T) curve must lead to a decrease in

Tgkin With d@CTEASING (e vmreererrerrerrerresressesressesresses s ses s ses s ses s ss s ses s s s 26

Figure 2.10: A schematic illustration of the pathways of enthalpy, entropy, or volume
during vitrification upon cooling with two different cooling rates. Fast cooling leads to a
glass with a high fictive temperature Tric(qc2) (red), slower cooling creates a glass with a
respectively lower fictive temperature Tfic(qc1) (blue). Isothermal aging will result in a
glass with a lower fictive temperature (green), or even allow for a full isothermal glass

transition (orange), depending on the aging time. ... 28

Figure 2.11: Illustrations of five typical polyhedral structures in a monoatomic liquid,
termed ‘Bernal’s holes’. The left figure indicates the hard sphere packing, the right figure
depicts the formed hole in their center. a) Tetrahedron, b) octahedron, c) tetragonal
dodecahedron, d) capped trigonal prism, and e) capped Archimedean antiprism. Taken
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Figure 2.12: Polytetrahedral packing in monoatomic liquids consisting of hard spheres
can occur through four-fold symmetry FCC packing, which is highly energetically
favorable in terms of long range order, as it allows for a crystalline lattice. In contrast, five-
fold symmetry icosahedrons may provide more favorable packing on short ranges, but at
the cost of a frustrated long-range order that permits a crystalline structure. Taken from

7 R 31

Figure 2.13: The efficient cluster packing model by Miracle. A depiction of a <100> plane
of an FCC lattice is shown in a), where the solvent Q as well as the a and 3 solutes are
visible. The three-dimensional illustration in b) furthermore reveals the y solute. Taken

0] 00 T 3 S OOV 33

Figure 2.14: Illustration of an icosahedral-like superstructure of a NigoP20 glass former,

which consists of several solute-centered clusters. Taken from [160]......ccccoorerererererennees 33

Figure 2.15: a) Total pair distribution function in a high-temperature metallic liquid
(orange) and glass (cyan). The sharpened peaks in the low temperature glass state
indicates the increased order. The red box highlights a typical MRO length scale, which
represents cluster connections through second-nearest neighbor relations, as illustrated
in the sketch. b) Schemes of different cluster connections, which differ in the number of

shared atoms between both clusters. Taken from [164]. ... 34

Figure 2.16: Schematic Gibbs free energy curves for the liquid and crystalline state. At the
liquidus temperature, both phases are in equilibrium and their curves cross. A
thermodynamic driving force towards crystallization AGix rises for temperatures below
Ti. The Turnbull approximation assumes linear temperature dependence for both curves,

which is an adequate approach in vicinity of Tj, see the gray lines. .......ccoueerereenrenerneereennns 37

Figure 2.17: a) The overall change in Gibbs free energy as a function of crystalline embryo
radius. It consists of a negative volume term and positive surface term. The temperature-
dependent maximum AG*(T) marks the respective critical radius r*(T) after which an
embryo becomes stable and able to growth. b) Temperature dependencies of r*(T) and

AG*(T), both decrease rapidly with Undercooling. ......cumnenenenneseeneseenesessseseeseenes 39

Figure 2.18: The influence of heterogeneous nucleation on the overall change in Gibbs free

energy. The inset sketches a critical nucleus that forms heterogeneously on a nucleation
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site surface. Due to the wetting angle of 90°, only half of the crystalline volume has to be

formed and the activation barrier for nucleation is halved. ... 41

Figure 2.19: In a), the temperature dependent functions of growth rate u(T) and
nucleation rate I(T) are schematically compared. While the former dominates at higher
temperatures, the latter is most prominent at lower temperatures. The interplay of u(T)
and I(T) eventually determines the JMAK function that describes the crystallization nose

shown in the TTT diagram in b). s sssssssssssssssesssssssssssesns 43

Figure 2.20: A TTT diagram that demonstrates why the GFA can be expressed through a
so-called critical cooling rate Rc Undercooling the liquid with rates faster (green line) or
equal to (blue line) Rc still allows glass formation as the crystallization nose is not passed.
Slower cooling rates (red line) will create a thermal path that crosses the crystallization

nose, leading to a (partially of fully) crystallized material........ccooormrererenereserereseeeeeeenne 45

Figure 2.21: A scheme by O. Gross et al. [71] that classifies metallic glass formers
according to the main factor that determines their GFA. While Pd- and Pt-based liquids
are rather thermodynamically stabilized against crystallization, Zr-, Mg-, and Fe-based

systems are more Kinetically StabiliZed........c.ccorrrerererenenereeseseseseesee e 48

Figure 2.22: An Ashby map that compares the usual ranges of yield strength oy and elastic
limit &y for major engineering material classes and metallic glasses. We see that the
metallic glasses offer a very favorable combination of metal-like strength and polymer-

like elastic deformability. Drawn after [184]. ...urnrnneinereinessesnessssssssessessessessessessssssssesssses 51

Figure 2.23: A scanning electron microscope image that shows the typical step-like
appearance of shear band formation on the surface of a heavily bent Zr-based metallic
glass strip. The neutral axis in the core of the specimen prevents catastrophic failure, since
it prohibits the formation of a shear band that spans over the whole sample cross-section.
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Figure 2.24: A Pd4oNisoP20 metallic glass former brought to 1260% of its initial length
through heating it to temperatures in the SCL state and then applying slow deformation.
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Figure 3.1: A scheme of the arc melting process. The material is molten and alloyed by an
electric arc under an inert gas atmosphere. The water cooling system prohibits reactions

between the melt and the cOPPEr MOLd. ... eaees 55

Figure 3.2: Scheme of the inductive melting and alloying process under inert gas

atmosphere. A quartz tube serves as Crucible. ... 56

Figure 3.3: Scheme of the fluxing process. The previously alloyed feedstock is molten in a

resistive furnace under an inert gas atmosphere and being covered by the fluxing agent

Figure 3.4: A schematic illustration of a gas atomization process under inert atmosphere.
The feedstock is molten in a crucible at the top of the process chamber and then ejected
through an orifice. Inert gas jets disintegrate the melt stream into small droplets that

solidify rapidly on their way towards the bottom of the chamber. ..o 58

Figure 3.5: The melt spinning process schematically illustrated. Feedstock material is
molten in a quartz crucible under vacuum and then ejected through a orifice by applying
pressure through high purity argon injection. The melt hits a rotating copper wheel, is

sheared apart and solidifies rapidly into amorphous ribbons. ........errereneneneneneneans 59

Figure 3.6: During suction casting, feedstock material is molten by an electric arc under
inert gas atmosphere and then sucked into a water cooled copper mold to form a metallic

glass With a SPECIfiC SNAPE. . 60

Figure 3.7: In the tilt casting process, the material is inductively heated under inert
atmosphere and then poured into a water-cooled copper mold to form an amorphous
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Figure 3.8: A schematic illustration of the PBF-LB/M process. The laser beam moves with
a scan velocity v over the powder bed and melts the particles. The consolidated material
cools rapidly to form a respective layer of the AM-formed part of thickness ds. The process

is repeated layer by layer until the desired part is created. .......onorerereneneseseseeseseesennens 62

Figure 3.9: Comparing two (simplified) thermal pathways during PBF-LB/M processing
with different volume energy densities Ev,1<Ev:2 (green dashed and red dotted lines,

respectively). The initial cooling of the melt pool is fast enough to ensure vitrification for
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both pathways. Yet, the influence of the HAZ causes a cyclic reheating, which causes

partial crystallization in case of the processing with Ev,2. ... 64

Figure 3.10: A graphical scheme of a TPF process in combination with a TTT diagram that
clarifies the corresponding thermal protocol. In the first step, an ex-situ produced
amorphous sample is placed between two pistons and heated into the SCL state. In the
second step, the sample is pressed between the pistons to adapt the shape of a respective
template while being held at an isothermal. In the third and last step, the sample is cooled

back into the glass to avoid crystalliZation........ccnnensneseesssesessses e ssesssessessens 65

Figure 3.11: SEM images of the fracture surface (after beam bending) of an amorphous
Zrs9.3Cuzs.8Al10.4Nb1s part that was TPF-consolidated from powder material. The granular
structure of the initial powder particles is clearly visible. The lower, zoomed-in image
shows that the edges of the particle surfaces were not completely connected to the other
particles, resulting in irregularly shaped pores that act as stress-risers and cause

premature failure under mechanical loads. Taken from [211]. oo 67

Figure 3.12: SEM images of a Pt-based metallic glass former (lower image) that replicates
the fine, sub-micrometer structures of a silicon mold (upper image) after TPF processing.
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Figure 4.1: A schematic illustration of a DTA. The temperature difference between sample
and reference side, AT, is detected through thermocouples and allows to calculate the

differential heat flow HF in or from the sample. ... 70

Figure 4.2: A scheme of a heat flux DSC setup. The working principle is similar to a DTA,
but here, sample and reference side are connected through a flux plate, creating a much

faster heat transfer and reducing the thermal resistance accordingly. .........cccovurerererreenenn. 71

Figure 4.3: Schematical build of a powder compensated DSC. Sample and reference side
are isolated from each other and heated separately. Occurring temperature differences
are regulated towards zero (null principle) through a difference in heating power AP,

which is approximately identical to the differential heat flow HF in or from the sample.

Figure 4.4: Sample and reference side of the high-temperature UFH chip of the Mettler-

Toledo FDSC2+.In a), a fresh ribbon sample is placed on the active area of the sample side.
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On the reference side, the active area (ca. 85 pm in diameter) is exemplarily marked by a
white circle. In b), the sample has been molten. It has changed to a (half-)spherical shape

and formed a solid connection to the chip that allows for fast heat transfer. .......ccccocuu...... 73

Figure 4.5: In a), the thermogram of a schematic DSC heating scan of a BMG sample is
illustrated. Characteristic events are indicated, the associated temperatures are
determined through tangent methods. Characteristic enthalpies are obtained through
integration over the respective HF signals. In b), the enthalpy curves of the crystalline and
liquid state are drawn. The black curve sketches the enthalpic trace of the DSC scan shown
in a). Gray arrows and light gray backgrounds further indicate the determined

CharacteristiC €NthalPIEs. ...t 76

Figure 4.6: a) A modulated time-temperature program of an exemplary MDSC heating
scan on a metallic glass former. The inset further provides a zoomed-in representation
and clarifies the meaning of the parameters qo, P, and Ar. b) The modulation provokes a
modulated heat flow response HFmod(t). The total heat flow HFtwot(t) shows a kinetic glass
transition event, which is further emphasized in its ‘kinetic’ component, the non-reversing
heat flow HFnonrev(t). The reversing heat flow HFrev(t) corresponds to the ‘dynamic’
component of HFwt(t) and shows a dynamic glass transition event at higher temperatures

in form of a SigMOIdal-liKe FiSE. ...vrreereerirerererre s s ssnaes 78

Figure 4.7: HFrev(T) for several MDSC heating scans on a BMG with different modulation
periods applied (P1 is the longest period, Ps is the shortest). The temperature T thereby
corresponds to the underlying rate qo. The dynamic glass transition is determined as the
inflection point of each curve by fitting the maximum of dHFrev(T)/dT. Naturally, Tgdyn
shifts with the applied modulation period, reflecting the fragility of the SCL.......cccvuuruune. 80

Figure 4.8: a) A part of the time-temperature program of a FDSC step response
measurement. A single step-isotherm segment at the temperature T’ is centered, the
isothermal segment is highlighted by gray background. The blue arrow indicates the base
harmonic with a period P1 that equals the duration of the isotherm. The periods of two
higher harmonics, P3 and P7, are also shown. In b), the temperature-dependent cp,rev
curves (normalized to the SCL state value) for these three harmonics are shown. Colored

circles and the gray background highlight the data that stems from a). The dashed curves
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show the peak fits of the (normalized) derivative dcp,rev/dT, their maxima determine the

dynamic glass transition for each harmomnic. ... 82

Figure 4.9: Moynihan area matching procedure to determine the fictive temperature from
a DSC heating scan. Area A (gray background) is determined between the measurement
curve and the glassy baseline HF1 and in the temperature region between T1 (glass) and
T2 (SCL). Area B (shaded) spans between the glassy baseline HF1 and the SCL baseline HF>,
and between T2 and Tfic. Through the condition A=B, Tfic is defined.......ccorrerererrererneenenn. 84

Figure 4.10: The standard treatment protocol used for Tg-shift measurements. In a first
heating scan, the as-cast sample is brought in the SCL state to erase the thermal history of
the cast process. Afterwards, the sample is cooled back in the glass with a rate qc, followed
by a second heating scan with gn=-qc. The glass transition onset of this curve then equals

T 85

Figure 4.11: Scheme of an isothermal TTT measurement. a) Crystallization manifests as
an exothermal event in the heat flow. b) Integration provides the crystallization enthalpy

curve AHx(t), which allows to approximate the crystalline fraction X.......ccneemnirnseneenes 87

Figure 4.12: Schematic setup of a three-point beam bending TMA measurement. The beam
sample is placed on two supports and its center is loaded with a loading force M. A furnace
brings the sample to the desired measurement temperature, at which the sample

displacement u is measured as a function of tiMe. ... 89

Figure 4.13: DMA measurement setup in tension mode. A beam-shaped sample is fixed
between two clamps, one of which is connected to a motor via a drivetrain. The motor
applies a specific mechanical length modulation Al(t), which serves as the measurement
stimulus. The material response in form of the resulting opposing force F(t) is recorded.

A furnace system allows to control the temMpPerature. ........cooreereerereseresessesessesseesessessesseenes 90

Figure 4.14: a) A typical phase lag between the length modulation I(t) and the recorded
opposing force F(t) during a DMA measurement is illustrated. b) Exemplary storage and
loss module curves obtained during an isochronal DMA temperature scan. At the dynamic

glass transition, E’ shows a sudden drop while E” forms a maximum. .......ccceeorererererreunenn. 91

Figure 4.15: A schematic illustration of an electron synchrotron setup. Electrons are

brought on a circular path in a large storage ring. An undulator accelerates these electrons
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to create highly energetic X-rays, which are further monochromatized and focused to be

used for experiments in a beamline installation. Taken from [244].....cccoonrorererenereerennens 94

Figure 4.16: Exemplary curves for a) I(q), b) S(q), and c) G(r) for a metallic glass at room
temperature. While I(q) is an extensive value that depends on experimental conditions,
S(q) is a normalized property that oscillates around unity. G(r) is a real-space property

that 0SCIIAteS ATOUNA ZET0. vt r s e re e e s e s s ere e e s be s s e ra e e s e e nrns 98

Figure 4.17: A schematic comparison between diffraction on amorphous matter with a)
incoherent and b) coherent radiation. While the former creates diffuse diffraction rings,

the latter generates a distinct speckle pattern. Taken from [251]. .ccovvenererereeneeresneeneens 100

Figure 4.18: A schematic comparison between a KWW-modelled decorrelation in g1 (black
curve) and gz (red curve). The gray sketches illustrate speckle patterns that change over
time, causing the observed decorrelation. Due to the slightly different mathematical
formulation stemming from the Siegert relation, the g2 curve decorrelates earlier than the

o 610 a1 103

Figure 4.19: An exemplary TTCF that is also found in Paper II [6]. The evaluation window
spans over a batch size of 24000 patterns obtained with 0.01 s exposure time, which
equals to a batch timespan of 240 s. The warm-colored belt along the diagonal indicates
high correlation. Its rather constant width further shows that (quasi-)stationary dynamics

in the illustrated evaluation window can be assumed. ... erenes 104

Figure 4.20: Scheme of the three-point bending procedure. The beam sample is placed on
two bearings and is further loaded in the middle. Loading force F and displacement D are

recorded to calculate the stress-strain diagram. ... ————— 107

Figure 6.1: A comparison of g2 curves obtained from evaluation windows of 240 s, 120 s,
and 60 s in size. The three chosen temperature points thereby represent the glass, the
glass transition, and the SCL state upon cooling with 1 K/min (compare the batches B4-
B6 from Paper II). While coequal results are found in the SCL, an adequate resolution of
the decorrelation requires larger batch sizes of 120 s or even 240 s in the glass transition
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Figure 6.2: A comparison of the KWWwuLrti fitting results for g2 data obtained with 240 s
and 120 s evaluation window size. Both create comparable results, yet the 120 s window
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Figure 6.3: Comparing the KWW fitting results from for gz data obtained with 240 s and
120 s evaluation window size in the SCL state (in the non-equilibrium, KWW fitting is
found to be inadequate, see Paper II). While the obtained relaxation times are basically
identical, the shape exponents show significant offsets due to the increased smearing

effect in the 240 S 82 Aata. s 173

Figure 6.4: The underlying mechanism of the sample transit decorrelation effect
schematically explained. The X-ray beam features a highly stabilized position. Its radial
distribution of photon intensity follows a Gaussian function. Hence, a perpendicular
motion of the sample in relation to the beam leads to a change of the individual scattering
amplitudes of each atom. Atoms can even enter or leave the volume illuminated by the

beam spot, as indicated by the loWeSt atOM. ... sesssesessees 174

Figure 6.5: Schematic illustration of all three decorrelation contributions that compete in
a g2 data set stemming from the continuous cooling XPCS measurement at 510.3 K (glass
transition region, see batch B5 in Paper II). The KWWs and KWW¢c components reflect
atomic dynamics, while the transit decorrelation stems from a macroscopic drift motion

of the sample due to thermal eXPanSioN. ... 176

Figure 6.6: The g2 data six representative 240 s evaluation batches located in the glass,
the glass transition, and the SCL state upon a) heating and b) cooling with 1 K/min
(compare the batches B1-B6 from Paper II). The respective KWW and KWWwuLri fits as
well as the estimated transit decorrelation are indicated. Transit decorrelation occurs
mainly outside of the temporal range of the evaluation window and can be therefore
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Figure 6.7: a) Distinct Bragg peaks in the speckle pattern of a XPCS heating scan on an Au-
based metallic glass former after primary crystallization has occurred. b) As soon as these
Bragg peaks arise, the absolute g2 values increase significantly, which can be quantified
on hand of the minimum g2 value of each batch, as illustrated in c). The gz minima

corresponding to the curves shown in b) are here highlighted in their respective colors.
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Figure 6.8: A comparison for a) an Au-based BMG former and a b) Pd-based BMG former
between the g2 minima from XPCS heating scans (red and blue points) and ex-situ DSC
scans, all performed with a rate of 1 K/min. The crystallization onsets are marked by
dashed lines, the arrows indicate the temperature offsets. In c), these temperature offsets
are used to create a temperature correction for the temperature scanning XPCS data

shown in this work and in Paper Il ssessesssseasenns 180

Figure 6.9: The KWWwuLti approach assumes that individual atoms can be subject to
stress-driven ballistic-like motions (purple vectors) as well as (sub-)diffusive liquid-like
motions (orange vectors). Their total dislocation vector therefore results from a vector
sum of both components (green vectors). The gz fit function then follows as a
multiplicative formulation that allows a functional and physically meaningful description

of the typical cut-off shape of the observed gz decorrelation in the non-equilibrium....184

Figure 6.10: The KWWapp approach assumes that stress-driven ballistic-like motions
(purple vectors) and (sub-)diffusive liquid-like motions (orange vectors) are well
separated in different spatial regions. The g2 fit function then follows as an additive
formulation that also allows a functional description of the typical cut-off shape of the

observed g2 decorrelation in the non-equilibrium.......coonnnnn 187

Figure 6.11: Comparison of the KWWwuLri fit results from Paper Il with the results from
the present KWWapp fitting. The fitted f values roughly follow the heat flow curves,
thereby indicating the fraction of liquid-like and glass-like material volume. The
KWWwurtt and KWWapp results largely agree, only tsapp behaves fundamentally different
than and ts and rather follows the trend of tcapp. This can be addressed to the

mathematical construction of the KWWADD fUNCLION. c.covveeeeerivere s se s se e eesesssees 189

Figure 6.12: KWWabp is a suitable choice to describe the g2 decorrelation observed for a
Pd41.25Ni41.25P175 sample that has previously undergone a phase separation, therefore
showing a clear double-step decay. KWW1 reflects the fast and stretched dynamics of the
equilibrated phase 1, while KWW reflects the slower and compressed dynamics of the
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Fig. 6.13: In a), the normalized loss modulus curves of isochronal DMA temperature scans
on the Pt425Cu27NigosP21 metallic glass former are shown. Tgdyn depends on the

measurement frequency f and manifests as the main peak of each curve, as highlighted.
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FDSC step response measurements on the same alloy are presented in b) as a function of
the measurement frequency f. Tgdyn is reflected by a rise in the (normalized) cprev. It is
quantified by defining the inflection point (highlighted) via peak fitting of the derivative
dcprev/dT (dashed lines). In c¢), 1000 K/s FDSC heating scans are shown, each one after
cooling with different rates. Tric (highlighted) is defined via the area matching method by
Moynihan [306]. The Arrhenius diagram in d) compares the resulting data sets obtained

by the three Methods. ... s 192

Figure 6.14: A large-scale comparison of all fragility-characterizing timescale data of the
Pt425Cu27NiosP21 alloy obtained in the frame of this work. Relaxation times from
isothermal XPCS by Neuber et al. [26] (gray squares) and transition times obtained
through Tg shift measurements by Gross et al. [70] (orange open triangles) are added to

the COMPATISON, T0O0. .uuceieeereecereeseeseesee s bbb bbb bbbt es 195

Figure 6.15: a) TMA-determined viscosities from Gross et al. [70] fitted with the VFT and
the CSM model. b) Relaxation and transition times from various methods are transformed
in the viscosity domain and aligned with the TMA data. While the CSM model allows to
describe the whole data range, the VFT curve incorporates too much curvature, leading to
distinct discrepancies between data and fit at higher temperature as highlighted in the

inset. Fitting all data with the VFT equation also doesn’t allow for a viable fit curve.... 198

Figure 6.16: Stress-strain diagrams of PBF-LB/M-formed AMZ4 beams acquired via three-
point beam bending. With decreasing thickness t, the BMG-typical size effect is observed,
and the initially brittle material begins to feature significant plasticity, as further

demonstrated in the photographs on the right. Taken from J. Wegner et al. [329]. ....... 201

Figure 6.17: Light microscopy images of PBF-LB/M-formed AMZ4 samples created with
different combinations of laser powers P (left axis, in W) and scan velocities v (upper axis,
in mm/s). Poor compaction through irregularly shaped lack of fusion porosity is observed
for low volume energy densities Ev (low P and high v, upper right corner), while higher Ev
values lead to high relative densities with only a low degree of spherical gas pores

remaining. Taken from [325]. .ttt s st 202

Figure 6.18: An example of a PBF-LB/M parameter evaluation process performed for
AMZ4. a) Below Ev values of about 31]/mms3, density remains insufficient. b) Yet,

crystallization enthalpy evaluation reveals that Ev values higher than about 35 J/mm?3
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create partially crystalline samples, as further shown in the DSC scans and diffractograms
in c) and d). The remaining parameter window for optimized samples is relatively narrow.
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Figure 6.19: a) Depending on the oxygen concentration in the used powder feedstock,
PBF-LB/M-formed AMZ4 samples may fracture before reaching the material’s yield
strength upon bending. b) The contamination threshold before premature fracture occurs
can be roughly determined at 1600 pg/g. c) The respective embrittlement goes hand in
hand with the emergence of first Bragg peaks in the HESXRD diffractogram, indicating
beginning crystallization. Taken from [17].....sssssssssssssssssssssessssseens 205

Figure 6.20: Stress-strain curves (bending) of PBF-LB/M-formed AMZ4 and Vit101 from
Paper IV and V. When formed with optimized parameters, both systems can reproducibly
reach the yield strength of the material before brittle fracture occurs. Assuming the same
behavior for PBF-LB/M-formed Nis2Nbss would lead to an impressive maximum strength
of about 3.5 GPa, as indicated on hand of the as-cast reference curve for this alloy (this
curve was measured with a bearing distance of 15 mm, the data was kindly provided by
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Figure 6.21: Microscopic pictures of the six types of beams created. The reference beam
type features solid filling, the five honeycomb-structured ones are formed with increasing

honeycomb cell heights h. Taken from [356]. .....ccmmnnnnnsssssssssessessessessssseens 210

Figure 6.22: The relative density of the honeycomb-structured beams decreases with
increasing cell size. Accordingly, the specific strength of these beams increases. Taken
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Figure 6.23: PBF-LB/M-formed AMZ4 allows to store more than three times the elastic
energy as a Ti6Al4V reference, a crystalline alloy that is known for rather high elasticity.
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Figure 6.24: Schematic illustration of the deltoid Q-joint type compliant mechanism.
Through compressing the handles, the clamps on the tip of the device can be closed.
Elastic deformation localized in four hinges constitutes the basis for this effect. Taken
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Figure 6.25: PBF-LB/M-formed pincer tools made from AMZ4. a) Still on the build plate

and b) after separation and being ready to use. Taken from [20].....ccccocmrenereenereeneereeneen. 213

Figure 6.26: The maximum clamp angle 2y that can be applied while remaining in the
elastic deformation regime of the hinges. For the given design, only AMZ4 allows for full
closure at 2y=17.2°, while typical crystalline reference materials would show massive

plastic deformation (or fracture) at the hinges in case of full closing. Taken from [20].
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Chapter 1: INTRODUCTION

1. INTRODUCTION

With undercooling, liquid dynamics undergo a drastic, often faster than exponential
slowdown over several orders of magnitude. If crystallization is avoided, this slowdown
eventually leads to vitrification and a glass is formed. The term ‘glass’ originally stems
from the old-Germanic ‘glasa’, which means ‘the shining one’ or ‘the shimmering one’. As
a liquid that has ‘fallen out of equilibrium’ [46], glass exhibits an amorphous atomic
structure. ‘Amorphous’ etymologically translates from Greek as ‘shape-less’ or ‘form-less’,
and addresses the fact that glasses lack the long-range order known from crystalline
solids. Yet, atomic order is not completely absent in supercooled liquids and glasses, as
they often display pronounced short-range order (SRO) and even medium-range order
(MRO). Glass stands as one of humanity's oldest known and utilized materials, with its
earliest production dating back at least 3500 years ago [47]. From a chemical standpoint,
glasses are traditionally found in inorganic non-metallic systems, which can be further
subclassified into non-oxide and oxide glasses, as well as organic systems, namely
polymeric and molecular glass formers. Historically, metals were not considered as glass
formers, since metallic liquids were always found to crystallize rapidly upon

undercooling.

Therefore, the revelation of the first metallic glass former Au7sSizs (in at%) by W. Klement,
R. H. Willens, and P. Duwez in 1960 came as a significant surprise to the physics
community [48]. To achieve vitrification and prevent crystallization, the liquid had to be
quenched extremely fast, with a rate equal to or higher than the so-called the critical
cooling rate (Rc). Accordingly, the first metallic glass was obtained by splat-quenching a
small liquid droplet into a thin flake of about 10 um thickness. Regarding these
dimensions, metallic glasses initially remained rather a scientific curiosity than a
technologically meaningful material class. Yet, the glass forming ability (GFA) could be
significantly improved through alloy development towards more complex, multi-
component systems. Between 1974 and 1984, reports on ternary Pd- and Pt-based alloys
[49-52] marked a decisive breakthrough, allowing to cast amorphous metals in bulk
dimensions. These alloys constituted the novel material class of bulk metallic glasses
(BMGs), which are alloys with a GFA that allows for critical casting diameter (dc) of 1 mm
or more. Due to the material costs of these noble metal compositions, technological

interest still remained mediocre, which eventually changed with A. Inoue’s reports on Zr-
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based metallic glasses [53,54], which were the first among many other alloy systems, see
Figure 1.1, to combine good GFA with acceptable material costs. Bulk metallic glasses offer
exiting properties, especially regarding their mechanics. The amorphous atomic structure
prohibits dislocation-based plastic deformation as it is known from crystalline metals,
and hence, BMGs show high hardness, yield strengths close to the theoretical strength,
and also high elastic limits of about 2% [55]. Thereby, strength and hardness roughly scale
with the melting temperature. Zr-based alloys for example show strength values of
roughly 2 GPa and hardness in the order of 500 HV [56,57]. Fe- and especially NiNb- or
Ta-based systems surpass these values, marginalizing even most modern steels due to
strengths exceeding 3.5 GPa and hardness values above 1000 HV [31,58-62]. Hence, BMGs
are highly promising materials for countless applications that ask for small but resilient

parts, e.g. in medicine, customer goods, jewelry, or in the defense sector [57,63,64].
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Figure 1.1: With ongoing alloy development, the critical casting diameters (here termed critical casting
thickness) of metallic glass formers increase over time. Taken from ]. Loffler [64].

Nevertheless, casting BMGs on an industrial scale still remains challenging as the need for
a fast cooling process inherently limits the size and geometry of produced parts. Yet

complex geometries can be achieved by post-processing, since BMGs offer the principal
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possibility of thermoplastic forming (TPF). By heating an as-cast part above the glass
transition, it can be plastically deformed and reshaped under pressure as it is known from
thermoplastic polymers [65,66]. Furthermore, the rise of additive manufacturing (AM)
allows to overcome the limitations of casting processes and increased the interest in
BMGs [67]. Laser powder bed fusion (PBF-LB-M) leads to a fast, layer-wise, and highly
localized melting and cooling, which allows to vitrify various metallic glass formers in

large and complexly shaped parts that would be impossible to cast, see Figure 1.2.

Figure 1.2: Additive manufacturing allows for complexly shaped metallic glass components. Taken
from N. Sohrabi et al. [68].

This cumulative PhD thesis incorporates six publications and will comprise the broad
academic field of metallic glasses in a kind of ‘pincer movement’. The first three
publications are dedicated to a physical, fundamental science oriented topic, namely the
dynamics of supercooled metallic liquids and its impact on vitrification and
crystallization. The last three publications will instead approach from a rather practical
angle, taking a closer look at the processing and evaluation aspects of additive
manufacturing of metallic glasses. In the following, the six publications shall be briefly

introduced.
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Supercooled liquids can differ drastically with respect to their dynamic’s temperature
dependence, which was Austen Angell’'s motivation to introduce his famous fragility
concept [46]. It allows to categorize liquid dynamics by its degree of deviation from a
classical exponential, Arrhenius-like temperature dependence. Thereby, liquids are
termed ‘strong’ if they behave rather Arrhenius-like and are otherwise termed ‘fragile’ if
they show distinct super-exponential behavior. Liquids dynamics and fragility directly
predetermine the transition kinetics of glass formation and its ‘antagonistic’ process, the
(primary) crystallization from the supercooled liquid. Therefore, liquid dynamics play a
fundamental role for the GFA of metallic glass formers and hence, the first part of this
cumulative PhD thesis will be dedicated to this important topic. More specifically, the
focus will be laid on the methodological question, how to determine liquid dynamics,
fragility and their direct influence on crystallization and vitrification. These aspects will
be mainly demonstrated by means of the noble-metal-based Pts25Cu27NiosP21 system
[69], a well-established and well-studied [9,19,25,26,70,71] glass former, which excels as
a model system due its excellent thermal stability against crystallization and relatively
low glass transition temperature that renders it easy to characterize. Paper I [1] enters
the topic by determining the alloy’s fragility via a macroscopic calorimetric approach,
namely modulated differential scanning calorimetry (MDSC). Here, methodological
foundations will be established, discussing how to define adequate and universal ways of
data handling, analysis, and data comparison. Paper Il [6] leaves the macroscopic scale
and focuses on the microscopic dynamics of the Pts25Cu27NiosP21 system by applying a
rather novel and exotic approach, namely X-ray photon correlation spectroscopy (XPCS).
This diffraction method uses highly energetic, monochromatic and coherent synchrotron
radiation to obtain and record specific diffraction patterns, so-called speckle patterns.
These are subject to temporal changes and decorrelate with growing temporal distance
to each other, thereby reflecting the dynamics of the atomic configuration on the MRO
scale. By using state-of-the-art detector technology and the extremely brilliant radiation
provided by the 4th generation synchrotron at ESRF, we firstly use a temperature
scanning method that allows to observe the devitrification and vitrification of
Pt42.5Cu27NiosP21 in-situ. It is revealed that the observed decorrelation in the glass and
glass transition region actually consists of two distinct contributions that stem from
different types of atomic motion: one being (sub-)diffusive liquid-like and the other being
stress-driven ballistic-like as a typical trait of the non-equilibrium glassy state. Paper III

[3] finally studies the influence of liquid dynamics on the crystallization kinetics of
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Pt425Cu27NiosP21 by using a relatively novel calorimetric approach, the so-called fast
differential scanning calorimetry (FDSC). This nano-calorimetric method uses very small
specimens with masses in the order of only several ng to apply extremely rapid
temperature changes. This allows to determine a complete time-temperature-

transformation (TTT) diagram that describes the system’s crystallization behavior.

Since a profound understanding of crystallization kinetics is of advantage for processing,
Paper III can be seen as a link between the methodological, fundamental science oriented
first part of the thesis and the more pragmatic, application oriented second part, in which
we will focus on the additive manufacturing of metallic glasses via laser powder bed
fusion (PBF-LB/M). Paper IV [2] will focus on the most established metallic glass former
in additive manufacturing, the alloy Zrs9.3Cuzs.8Al104Nb1.s, originally termed AMZ4 [72,73]
and now commercially marketed under the tradename AMLOY-ZR01 by Heraeus AMLOY
[74]. While the previous parameter evaluation towards fully amorphous and highly
densified samples is published in a coauthored work by ]J. Wegner et al. [17], Paper IV
reports on the viability of post-processing of AM-formed Zrs9.3Cu2s8Al104Nb1s parts by
thermoplastic forming. TPF allows to massively reduce the AM-typical surface roughness
and can be further used to apply complex pm-sized surface structures. Despite the
thermal cycling brought in by such a post-processing, the amorphous state and
mechanical properties can be maintained. This allows for highly robust parts with
bending strength values of up to 2.1 GPa, a record value among AM-formed metallic
glasses at that time [68]. Paper V [4] evaluates the impact of material toughness and
thermal stability on the AM processability by microalloying the Cus7TisaZr11Nis (Vit101)
alloy [75] with Si and Sn. We find that in this system, differences in the thermal stability
play a minor role, while the materials toughness is decisive for crack formation and the
resulting mechanical properties. Vit101 was found to further increase the record bending
strength value for AM-formed BMGs to 2.5 GPa. To our knowledge, this record still stands
today. Finally, Paper VI [5] reports on first PBF-LB/M parameter evaluations of the binary
Nis2Nbss bulk metallic glass former [76]. The system appears promising, since this first
parameter study allows for almost fully vitrified samples with only minor crystalline
fractions. NiNb-based metallic glasses are known for their extreme mechanical properties
[31,58,59], which are confirmed by the AM-formed samples in Paper VI through high
Vickers hardness values of almost 900 HV1. Yet, crack formation during processing

remains a challenge that must be addressed in future parameter optimization attempts.



Chapter 1: INTRODUCTION

To provide the background knowledge to understand and discuss the present
publications, Chapter 2, THEORY, will provide a broad and in-depth introduction to the
topic of bulk metallic glasses. Here, all the dynamical, thermodynamical, and structural
aspects that determine the rivalry between crystallization and glass formation in metallic
systems will be explained, together with the mechanical properties of metallic glasses.
Chapter 3, PROCESSING, provides an overview of the different approaches used in this
work to create and post-process metallic glasses. Chapter 4, CHARACTERIZATION,
explains the analysis methods used in this thesis in detail. Chapter 5, PUBLICATIONS, then
lists all six paper that form the core of the present work. Chapter 6, ADDITIONAL RESULTS
AND DISCUSSIONS, picks up the topics of the publications and provides further
information to deepen the discussion and to highlight the given interconnections between
the different subjects. Finally, Chapter 7, SUMMARY AND OUTLOOK, will briefly
recapitulate the most important findings and suggest further research approaches that

might be suitable for pursuing the present works.



Chapter 2: THEORY

2. THEORY

Under isobaric conditions, the Gibbs-Helmholtz equation describes that the (specific)
Gibbs free energy G(T) of a system constitutes through the interplay of its enthalpy H(T)

and its entropy S(T) as

G(T) = H(T) = T S(T). (2.1)

Any system strives towards the state with the lowest overall G(T). At low temperatures,
the enthalpic term dominates and a system usually prefers a highly ordered state that
minimizes G(T) through a low enthalpy level. The entropic term -T S(T) dominates at
higher temperatures, and hence, a rather disordered state with higher entropy is favored.
This fundamental rivalry between enthalpy and entropy, i.e. between order and chaos, is
the underlying principle that causes temperature dependent changes observed in all

fields of nature.

In the coming chapters, we will follow a liquid, more specifically a metallic glass forming
liquid, on its journey from chaos towards increasing order upon cooling from high
temperatures above the liquidus temperature down into the deeply supercooled state. We
will consider this process from different points of view, starting with a perspective on the
liquid dynamics. Chapter 2.1 will establish the Fundamental concepts of liquid dynamics,
which will then allow to illustrate Liquid dynamics under changing temperatures in
Chapter 2.2. We will see that liquid dynamics slow down massively with decreasing
temperature. Ultimately, this can lead to a vitrification of the liquid at the glass transition.
In this context, the important difference between Probing equilibrium dynamics via the
dynamic glass transition and the process of Falling out of equilibrium at the kinetic glass
transition will be discussed in Chapters 2.3 and 2.4. With Chapter 2.5, we will change the
perspective on the undercooling process and discuss the aspects of Structure in metallic
glass forming systems. Finally, we will introduce a thermodynamic view on the
undercooled liquid, especially in reference to the competing crystalline state. This allows
to discuss the process of Crystallization according to the classical nucleation theory in
Chapter 2.6. Vitrification and crystallization are antithetical effects, and Chapter 2.7,
Preventing crystallization and forming a glass, will debate the conditions under which

either the first or the second process occurs. The THEORY chapter will then close with a
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rather practice-oriented introduction to the Mechanical properties of metallic glasses in

Chapter 2.8.

2.1 Fundamental concepts of liquid dynamics

The liquid state is one of the four fundamental states of matter, besides the solid, gaseous,
and plasma states. Liquids differ from gases in being condensed matter, therefore
featuring high densities similar to the solid state. Yet, they again fundamentally differ from
solids as the structural units in a liquid (atoms or molecules, further termed ‘particles’)
are subject of permanent motion on length scales distinctly larger than vibrational
movements. Therefore, particles collide randomly, rearrange, and exchange momentum.
In the following, we will establish fundamental properties that describe and characterize
liquid dynamics, i.e.,, we will consider the processes of mass transport and structural

relaxation.

2.1.1 Mass transport and types of diffusion

Temporally and spatially averaged considerations about particle rearrangements can be
approached by stochastic models, often using the so-called mean squared displacement

(MSD), (Ar?(t)),
1 N
(Ar?(®) =(Ir(t) —r(0)|?) = NZITi(t) —r;(0)]% (2.2)

Here, riis the position vector of a respective particle i at a specific time t and (... ) indicates
the ensemble average over the whole population N of considered particles. In other
words, (Ar?(t)) provides the average squared distance a particle travels within a given
time t and is therefore a property that describes microscopic mass transport. Under
isothermal conditions, (Ar?(t)) increases with growing time according to a power law

[77]
(Ar3 (b)) = K, t%, (2.3)
with the diffusion exponent o and a generalized diffusion coefficient Ku of the dimension

cm? /s By means of Kq, the apparent dynamics can be categorized, as illustrated in Figure

2.1. In case of a=1, normal diffusion is observed. When a#1, we observe so-called

8
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anomalous diffusion. More specifically, an a<1 indicates sub-diffusive behavior, while an

a>1 indicates super-diffusive behavior. In case of a=2, one speaks of ballistic dynamics.

super-diffusive

a>1
T normal diffusive -
<
e a=1
sub-diffusive
o<1

t

Figure 2.1: Types of diffusion can be categorized on hand of their diffusion exponent a, which

determines the time dependence of the MSD. Normal diffusive behavior is characterized by a=1, super-

diffusion features a>1, and sub-diffusion shows a<1.

2.1.2 a-relaxation and relaxation time

We have seen that the liquid state manifests through the ubiquity of spontaneous
structural fluctuations. These thermal motion processes are generally subsumed under
the term a-relaxation (or also structural relaxation) and are the primary mechanism that
drives the dynamics of equilibrium liquids. We now think about a normalized structural
autocorrelation function ®(t) that quantifies how well the structural state at a given time
coordinate t correlates with the structural state at t=0. Such a function can be generally

modelled by the Kohlrausch-Williams-Watts (KWW) equation [78,79]:

d(t) = exp (— (;>ﬁ> (2.4)

Here, T is the relaxation time and describes the timespan after which ®(t) has decreased

to 1/ex0.37. T quantifies the timescale of the a-relaxation process and is therefore a
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fundamental property to characterize liquid dynamics. 8 is termed the shape exponent. If
B=1, a single exponential decay is observed. The case of <1 is termed stretched
exponential decay and in case of $>1, we speak of a compressed exponential decay. This
classification resembles the one of the diffusion exponent a from equation (2.3). By
considering the method of X-ray photon correlation spectroscopy introduced in
Chapter 6.2.1 and discussed in detail in Chapter 6.2, we will see that this analogy is not a
product of chance but related to the intuitive perception that diffusive mass transport and

structural relaxation are closely interconnected.

1.0 — s
compressed
p>1
0.8 | :
I streched
06| p<1 .
% exponential
04t WOV ) p=1 1
0.2 | i
0.0 + t=1 .
| L 1 PETETERET | il
t

Figure 2.2: Exemplary normalized structural autocorrelation functions ®(t) as a function of time,
which illustrate the effect of the shape exponent (. A single exponential decay is characterized by =1.
A stretched decay shows a <1 and a compressed decay a $>1. The relaxation time t indicates the time
after which ®(t) reaches 1/ex0.37.

2.1.3 Viscosity and the Maxwell relation

The relaxation time of a liquid directly predetermines its macroscopic rheological
behavior. According to the Maxwell relation [80], t is directly proportional to the

(dynamic) viscosity 1 via the (high-frequency) shear modulus G:
n==_Gr. (2.5)
1 determines the shear rate y with which the liquid responses to an applied shear stress

Txy (here regarding the x-y plane):

10
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n=—= (2.6)

Hence, the viscosity is a measure for the ‘internal friction force’ of a given liquid that
shears under the influence of an external force. Alternatively, n can be understood as a
property that quantifies the liquids ability to transfer a momentum brought in by the

shear stress.

2.2 Liquid dynamics under changing temperatures

2.2.1 Homogeneous high-temperature liquids and the Stokes-Einstein relation

Liquids at and above their melting points are in a highly entropic state. They feature high
levels of ‘free volume’, a term that refers to the concept of unoccupied excess space
between particles, allowing them to move and rearrange [81,82]. Accordingly, particles
can move and interact effortlessly through random walk processes. Describing the a-
relaxation via the KWW model, see equation (2.4), usually provides shape exponents 3
near unity [83-85]. Such nearly single exponential decays suggest very narrow relaxation
time spectra. High-temperature liquids are, therefore, usually seen as dynamically
homogeneous and show normal diffusive behavior [83-89]. Hence, the MSD rises
proportionally with time and the diffusion exponent o ranges near unity, analogous to the

shape exponent 3. Equation (2.3) then reduces to

(Ar?y=6Dt, (2.7)

with D being the diffusion constant (or diffusivity) with the dimension cm?2/s as known
from Fick’s first and second law. It statistically describes the rapidness of mass transport
through normal diffusive motions. D is inherently coupled with the (particle) mobility u,
a property that quantifies how ‘effortless’ an individual particle is able to move in the

liquid. The Nernst-Einstein equation formulates the interplay between pand D as
D
=— 2.8
H=r (2.8)

where Kk is the Boltzmann constant. By further considering a Brownian motion scenario,
where a (large) particle of diameter d moves with a constant velocity v through a
continuum fluid consisting of smaller particles [90,91], see Figure 2.3a), Stokes [92]

showed that individual particle mobility and viscosity are inversely related according to

11
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1

U
In combination with the Nernst-Einstein equation, we finally obtain the Stokes-Einstein

relation that connects diffusion constant and viscosity in form of

kT

D=—__ .
TIT (2.10)

Despite being originally derived from the Brownian motion scenario, the Nernst-Einstein
equation and Stokes-Einstein relation hold up well for most high-temperature liquids, see
Figure 2.3b). This demonstrates the prevalence of a close relationship between

microscopic mass transport and macroscopic flow.

Figure 2.3: a) Illustration of the normal diffusive nature of the so-called ‘Brownian motion’ of a larger
particle moving in a continuum fluid of smaller particles [90,91]. b) Comparable diffusive motions are

found in high-temperature liquids, even though all particles feature similar sizes.

2.2.2 Heterogeneities in undercooled liquids and the Stokes-Einstein breakdown

The entropy and the free volume of an equilibrium liquid decrease with decreasing
temperature and dynamics become increasingly sluggish. The resulting spatial
constraints force the a-relaxation away from simple random walk motions to rely more
and more on cooperative motions of groups of particles [86,87,93]. Furthermore, dynamic
heterogeneities evolve with undercooling. Therefore, the ensemble-averaged a-

relaxation process cannot be described by a single exponential decay anymore. Instead,

12
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structural relaxation constitutes through a distribution D (z") of different relaxation times.
Regarding the KWW model in equation (2.4), the stretched exponential shape (<1) of the
autocorrelation function ®(t) then results from integration over the distribution of single

exponential decays with different relaxation times 7’ [88,89]:

o(t) = LwD(T’) exp (—%) dt’ = exp (— (;>ﬁ> (2.11)

The shape exponent 8 thereby tells us how broad the relaxation times are distributed,
lower {3 values indicate a broader spectrum and vice versa. The question arises how to
visualize such a distribution of timescales. Two extreme cases can be excogitated: A
‘homogeneous’ and a ‘heterogeneous’ scenario, as schematically shown in Figure 2.4

[88,89].

HOMOGENEOUS HETEROGENEOUS

b N
M s

b
b

b

L P,
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EBB
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log ¢
/

log ¢

time time

Figure 2.4: Comparison of the ‘homogeneous’ and ‘heterogeneous’ scenario of dynamic heterogeneities
in liquids. In case of the former extreme, every location in the liquid features the same broad relaxation
time distribution. In course of a (macroscopic) characterization of the system, one averages over the
ensemble of these locations, thereby naturally reproducing the very same distribution. In case of the
latter extreme, local relaxation events are not stretched but single exponential and differ massively in
their relaxation times. Yet, ensemble averaging over all these locations again leads to a broad timescale

distribution, as observed for the ‘homogeneous’ scenario. Taken from [89].

13
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The first assumes that liquid dynamics are spatially homogeneous and feature the same
distribution D(7") at every location. Here, dynamic heterogeneity would manifest in a
purely temporal manner. The latter imagines local relaxation events as single exponential
decays, but with large spatial differences between varying locations. In this case, we look
at a purely spatial heterogeneity scenario and the timescale distribution D (z") stems from
the volumetric ensemble averaging. From a macroscopic perspective, both approaches
can equally explain an experimentally observed stretched decay, see Figure 2.4, yet, both
scenarios significantly differ in terms of modelling and regarding further implications.
Recent experimental studies suggest that reality manifests as a combination of both
approaches, which is referred to in form of the term ‘spatio-temporal’ heterogeneities
[88,89,94-96]. Especially the latest emergence of novel electron correlation spectroscopy
(ECS) [95,96] allows to image that supercooled (metallic) liquids feature nm-scaled
domains with different relaxation times and locally stretched exponential decays, which

are changing and shifting with time, see Figure 2.5.

Figure 2.5: Spatial relaxation time maps of a Pt-based metallic glass forming liquid measured via ECS
at three different temperatures near the glass transition. With decreasing temperature, we observe an
overall decrease of relaxation times (more blue colors) and also an increase of spatio-temporal
heterogeneity (larger color contrast). Taken from [96].

The reduction of free volume, rise of cooperativity, and the emergence of spatio-temporal
heterogeneous dynamics naturally impede microscopic mass transport processes. As
normal diffusion through random walks is suppressed, particles instead tend to show
caging effects, see Figure 2.6. This means that particles can be ‘trapped’ inside a cage
formed by their neighbors, rendering movements beyond this cage improbable [81,82].
Regarding equation (2.3), the MSD therefore rises in a less than linear manner with time,
corresponding to a diffusion exponent a<1l and indicating sub-diffusive behavior

[94,97,98]. Furthermore, in liquids that incorporate different particle species, e.g. in case

14
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of multicomponent metallic systems, the diffusivity of individual species can decouple
massively by several orders of magnitude during undercooling [83,99-104]. Larger
particle species can form sluggish, slow-moving sub-systems, while transport of smaller

species might stay thermally activated [26,86,99,105].

Figure 2.6: At low temperatures, particles can become trapped by their nearest neighbors, thereby

limiting their mobility through the so-called caging effect and leading to sub-diffusive liquid dynamics.

All these factors culminate in a decoupling of microscopic mass transport and
macroscopic flow behavior, and hence, the direct relationship between D and 1 described
by the Stokes-Einstein relation, see equation (2.10), is losing its validity with
undercooling. This widely observed effect is known as the Stokes-Einstein breakdown

[83,85,99,106-108].

2.2.3 The fragility concept

Structural relaxation, viscous flow, and diffusion are thermally activated processes, and it
is therefore self-evident that they slow down tremendously with decreasing temperature.
In high-temperature liquids, their temperature dependence can be usually described by a

simple Arrhenius equation in the general form of
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x(T) = xy exp (%) (2.12)

Here, x(T) stand can stand e.g. for the relaxation time t(T) or the viscosity n(T). xo is a
preexponential scaling factor, R is the gas constant and Ea is a (temperature-invariant)
activation energy that quantifies the activation barrier of structural fluctuations. In a so-
called Arrhenius diagram, where x(T) is logarithmically plotted against a reciprocal
temperature axis, Ea describes the slope of the Arrhenius function and hence constitutes

the rate of thermal activation.

Some systems, for example SiO2, can maintain such an Arrhenius-type temperature
dependence over a broad temperature range. Yet, the previously described fundamental
changes that evolve with undercooling, namely increasing cooperativity, heterogeneity,
and caging effects, also affect the nature of thermal activation. Accordingly, most (glass
forming) liquids develop deviations from the simple exponential Arrhenius scheme with
decreasing temperature. In principle, such non-Arrhenius, super-exponential behavior
can be explained by a temperature-dependent activation barrier, Ea(T), that increases

with decreasing temperature.

The degree of deviation varies from liquid to liquid. Austen Angell was the first to
introduce a categorizing scheme based on the graveness of deviation from Arrhenius
behavior, which was the birth of his famous ‘fragility’ concept [46,109]. Liquids whose
dynamics rather follow an Arrhenius law are termed ‘strong’, those that show a distinct
non-Arrhenius, super-exponential temperature dependence are termed ‘fragile’. Angell
further refined the Arrhenius plot concept by normalizing the inverse temperature axis
with the respective glass transition temperature, Tg [46,109]. This way, different data sets
can be plotted together and all merge at a homologous temperature of Tg/T=1. The
approach allows for a direct visual comparison of fragilities even for glass forming liquids
with vastly different temperature regimes. Figure 2.6 shows a typical Angell plot taken

from [110].

We will see in the next chapter that finding a standardized definition of Tg can be
challenging, as it is a kinetic effect that depends on the applied experimental conditions
like e.g. the rate of temperature change. In Angell plots, Tg is often defined as the
temperature at which a viscosity of 1012 Pas is reached [46,111]. For this specific

definition, the nomenclature Tg" is regularly found in literature [70,112,113]. In the
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timescale domain, a relaxation time of 100 s is usually used to define the glass transition

[46,111].
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Figure 2.7: An Angell plot with mostly metallic glass formers, taken from [110]. The viscosity
temperature dependencies of various (glass forming) liquids are compared by normalizing the inverse
temperature axis via the glass transition temperature. Systems that show rather straight, Arrhenius-
like trendlines are termed ‘strong’, those with curved, super-Arrhenius-like trendlines are termed
‘fragile’.

While strong systems follow a rather linear Arrhenius-like course in the Angell plot,
fragile systems distinctly deviate by showing a ‘sagging’ appearance. Here it becomes
evident that the strong-fragile terminology resembles a mechanical picture, as ‘strong’
indicates a stiff, robust system that remains almost unaffected by stresses (alias
temperature changes), while a ‘fragile’ system easily bends even under small stresses. The
maybe simplest quantification of fragility can be found in the so-called m-fragility, also

termed fragility index m. It describes the steepness of the considered property’s (1, T,...)

course X(T) at the glass transition [109]:
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. 0 log(x(T))
T (2.13)

T *
Tg

A low m-fragility indicates an Arrhenius-like course and strong behavior, a high value
reflects a super-exponential course and fragile character. As shown in Figure 2.6, oxide
glasses like SiO2 or GeO2 usually show strong behavior, with m-fragilities in the order of
15 [46,109]. The opposite extreme is found in organic liquids like o-terphenyl, featuring
fragility indices of up to 200 [46,109]. Metallic glass formers show intermediate fragility
with m values of roughly 50 [1,7,70,114]

2.2.4 Modelling the temperature dependence of the a-relaxation

The breakdown of the Arrhenius equation with undercooling asks for alternative
functions to describe and also extrapolate the temperature dependent course of e.g. 1 or
T. One of the most widely used approaches is the Vogel-Fulcher-Tammann(-Hesse)

equation (VFT) [46,115,116]:

D*TO)

x(T) = xy exp <T —
0

(2.14)

Here, D" is the fragility parameter and To is the VFT-temperature. The here shown diction
of the VFT law with a nominator term D* To was firstly presented by Angell [46]. Earlier
versions of the equation simply used a parameter B=D" To as nominator, which resembles
an activation energy [115,116]. Angell’s notion bears the advantage that the degree of
deviation from Arrhenius behavior can be directly quantified on hand of the D* parameter.
High D* values indicate strong behavior, e.g. with a value of about 100 for the
archetypically strong SiO2 system, while low values correspond to fragile behavior, for
example D*=2 in case of o-terphenyl [110,117]. Metallic glasses show intermediate D*

values between roughly 5 and 30 [110,117].

It shall be highlighted that the VFT equation is actually not based on a physical model but
represents an empirical modification of the Arrhenius law, with the introduction of the To
parameter being the decisive alteration. From a mathematical perspective, To changes the
temperature point at which the denominator in the exponential argument equals zero.

Hence, To redefines the pole value where the function diverges, i.e., where viscosity and
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relaxation time approach infinity. Eventually, this ‘trick’ allows the VFT equation to

describe a curved course, therefore being also applicable for fragile systems.

The preexponential factor xo finally describes the high-temperature limit of the described
property x, given the case that the exponential argument approaches zero. According to
S. Nemilov [118], the high-temperature limit of the viscosity no can be calculated as

_hN,
Tlo— Vm'

(2.15)

where h is the Planck constant, Na is Avogadro’s constant, and Vm is the average atomic
volume. Applying Nemilov’s formula to fix the preexponential factor reduces the amount
of free fitting parameters of the VFT equation from three to two, which can have

tremendous effects on the obtained results as we will see later in Paper 1.

Beyond the empiric VFT equation exists manifold physically founded models that
describe the super-Arrhenius temperature dependence of the a-relaxation process. Their
concrete formulation depends on the chosen angle of approach and the thereby regarded

physical property.

The Adam-Gibbs model regards the subject from a thermodynamic point of view and
connects the temperature dependence of the dynamics to the liquid’s configurational
entropy Sc(T). The central concept of the model is that with undercooling, less and less
structural configurations are accessible due to the shrinking thermal activation, and
accordingly, S¢(T) decreases. The dynamic slowdown then results from the interplay
between Sc¢(T) and an effective activation energy for structural rearrangements, C,
according to
x(T) = x, exp (L) (2.16)
T S.(T)

The entropy-based approach of the Adam-Gibbs model is the basis for the MYEGA model
[119] and the extended MYEGA model [120], which even allows to describe fragile-to-

strong transitions occurring over large temperature spans.

An alternative approach can be found in a volumetric perspective on the problem. Since
the free volume of a liquid naturally declines with decreasing temperature, viscosity and

relaxation time accordingly increase. Doolittle [121] addressed this temperature
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dependence to the relation between the accessible free volume V¢(T) and a threshold
volume V* that must be surpassed to allow structural rearrangements as
x(T) = x, exp (b—V*>, (2.17)
Ve (T)

with b being a material constant. Like the VFT model, the Doolittle equation assumes that
structural relaxation processes and viscous flow vanish at a certain temperature,
comparable to the To temperature. The model also does not yet comment on the way the
free volume is distributed in the liquid state. Based on the work of Turnbull and Cohen
[81], a respective refinement was provided by Cohen and Grest [122]. Their model
discards the concept of homogeneously distributed free volume and instead incorporates
a spatially heterogeneous distribution, as discussed in the previous chapter. Accordingly,
they differentiate between spatial regions with low free volume and slow dynamics, so-
called solid-like domains (or cells), and domains with higher free volume and faster
dynamics, termed liquid-like domains. With undercooling, the number of solid-like
domains is thought to increase, causing the empirically observed super-Arrhenius

dynamic slowdown and finally leading to the glass transition.

Lastly, the cooperative shear model by Demetriou et al. [123,124] shall be introduced
here. The central idea is that flow processes in undercooled liquids occur through
cooperative structural rearrangements within so-called ‘shear transformation zones’
(STZ), i.e., spatial regions which can incorporate some hundreds of atoms at temperatures
around the glass transition [124]. By assuming an STZ activation energy that changes
exponentially with temperature, the model is well-suited to describe super-Arrhenius

behavior as

(T) = Tg*l (xg) 2n (1 ! 2.18
x(T) =xoexp| — nxo exp| 2n T . (2.18)
Here, xg describes the value of the modelled dynamic property at the glass transition
temperature Tg", which is usually defined at 1012 Pa s or 100 s, as discussed above. n is the
elastic softening index, which effectively serves as a fragility parameter: high n values

indicate fragile behavior and vice versa.
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2.3 Probing equilibrium dynamics via the dynamic glass transition

2.3.1 Fluctuation dissipation theorem and linear response criterion

Certain experimental approaches, for example sophisticated diffraction methods like X-
ray photon correlation spectroscopy (XPCS) or electron correlation spectroscopy (ECS),
can indeed determine a structural autocorrelation function that can be described by a
KWW function as introduced in equation (2.4). Such approaches are therefore able to
directly measure relaxation times of the thermally activated fluctuations that constitute
the a-relaxation on a microscopic scale. Nevertheless, the a-relaxation can be also probed
indirectly by manifold physical properties. To do so, the system must be stimulated
through a (small) external perturbation P, to which it then responds as if it would respond
to a ‘system-internal’ spontaneous thermal fluctuation. The desired information about the
a-relaxation process is then encoded in the system's stimulus response R [125-127]. A
suitable measurement perturbation can be brought-in for example by a periodic (also
termed ‘modulated’) stimulus that provokes a frequency-dependent response or also by
a single, step-like stimulus creating a time-dependent response. According to the
fluctuation dissipation theorem [128-130], the essential precondition for the whole
approach is that perturbation amplitude AP and response amplitude AR must remain (in
a good approximation) proportional (i.e. linear) to each other. In other words, the
perturbation should be large enough to create a detectable response but must definitively
remain small enough to not permanently force the system out of its equilibrium state. This
precondition to probe equilibrium dynamics is termed the ‘linear response criterium’

[125-127], and the principle is graphically illustrated in Figure 2.8.
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Figure 2.8: A schematic illustration of the linear response criterium. We see that the interplay between
perturbation amplitude AP and system response amplitude AR can be of non-trivial (non-linear) form.
Yet, as long as the assumption of a proportionality between both represents a good approximation, the
linear response criterium is fulfilled. This is usually the case for small perturbation scales (green).

Larger perturbations usually violate the criterium (red).

2.3.2 The difference between relaxation and retardation

At this point, the fine but sometimes decisive difference between the terms relaxation and
retardation should be quickly introduced. When the perturbation is an intensive variable
and the response is extensive, we perform a retardation (or recovery) experiment. An
example for retardation would be a temperature perturbation (intensive) that provokes
a temporally changing heat flow (extensive). When the roles are switched so that the
perturbation is extensive and the measured response is intensive, we speak of a relaxation
experiment. A relaxation experiment could be found in e.g. a mechanical deformation

(extensive) that results in a changing stress state (intensive) [125-127].

Regarding an experiment in the time domain that fulfills the linear response criterium, a
quasi-instantaneous perturbation of the amplitude AP creates a non-instantaneous
response of the amplitude AR(t)=K(t) AP with K(t) being a time-dependent

proportionality factor:
R(t) = Ry + K(t) AP. (2.19)
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The temporal evolution of K(t) then reflects the a-relaxation process of the system and
therefore resembles the stretched exponential KWW function from equation (2.4). In case
of a retardation experiment (intensive perturbation, extensive response), K(t) is referred
to as a compliance J(t). In case of relaxation (extensive perturbation, intensive response),
it is termed modulus M(t). Hence, the t parameter determined from a retardation
approach is, technically, not a relaxation time but a retardation time [125-127]. Yet, most
parts of literature use the generalized term ‘relaxation time’ regardless of the
experimental setup. For now, we will adapt this simplified nomenclature, but we will
come back to the fine difference between retardation and relaxation time later in Chapter

6.3.2, since it allows to explain offsets in experimentally determined data sets.

2.3.3 The Debora number and the dynamic glass transition

We will now consider an experimental setup that explicitly fulfills the linear response
criterium, as previously described. For example, one could think about an approach using
a small periodic stimulus with an angular frequency w=2rf, with f being the frequency.
We will then further regard the concept of the Deborah number, De, which was firstly
introduced in 1964 by the co-founder of the term ‘rheology’, M. Reiner [131]. De describes
the ratio between the liquid’s relaxation time t and a characteristic timeframe of

experimental observation texp [131,132] as

T

De = (2.20)

texp
In our modulated case, the experimental observation window is directly predetermined
by the angular frequency in the form of texp=1/w. The dynamic glass transition Tgdyn then
simply corresponds to the temperature at which De=w t=1. In other words, the timescale
of external perturbation matches the internal timescale of spontaneous fluctuations. Tg,dyn
therefore characterizes the dynamics of the equilibrium liquid [125,126,132-134] and
hence, determining various Tgdyn for different measurement frequencies ultimately
allows to characterize the temperature dependence of the a-relaxation in the equilibrium

liquid, i.e. its fragility.

We will later see that experimental approaches to determine Tgdyn often use very slow
underlying temperature ramps. Since the measurement stimulus that probes the liquid

dynamics is exclusively found in the modulated perturbation, these temperature changes
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only serve the purpose of scanning the temperature region of interest. The rates are
usually defined slow enough so that quasi-isothermal conditions can be assumed within
the experimental timeframe texp. Tgdyn then mostly manifests as a sigmoidal-like step or a

local maximum of the respectively observed physical property.

2.4 Falling out of equilibrium at the kinetic glass transition

2.4.1 The kinetic glass transition as a breaking of the linear response criterium

We will now consider an experiment in which the liquid’s temperature is lowered at a
constant cooling rate qc. Here, the temperature change serves two purposes at the same
time. It introduces the external perturbation required to probe the system’s
characteristics, but at the same time allows to continuously scan the temperature range
of interest. Naturally, the a-relaxation will slow down in the course of the experiment, as
previously described. When interfering effects like e.g. crystallization are excluded, such
a procedure must inevitably lead, at some point, to the vitrification of the liquid, i.e., the
appearance of the so-called kinetic (or thermal) glass transition Tgkin. Here, the system
cannot anymore maintain its temperature-dependent equilibrium state within the
experimentally given timeframe. Hence, it gradually transforms from the equilibrium
supercooled liquid state into an out-of-equilibrium state, which is the glass. Such an
‘falling out of equilibrium’ [46] basically acts as a large thermal perturbation inducing a
large, non-linear system response. In this response, the system strives to reestablish
equilibrium, and this process is termed aging. Hence, the kinetic glass transition
inherently violates the earlier introduced linear response criterium, as illustrated in
Figure 2.8. Accordingly, Tgkin is not an equilibrium property and is not covered by the term
‘dynamics’. Instead, it is a transition effect that reflects non-steady-state conditions
(similar to e.g. a phase transition from liquid to crystalline state) and must therefore be

referred to under the term ‘kinetics’ [125,126,132-134].

If we consider the inverse experiment of heating a glass with a rate q, we will naturally
observe the inverse effect of the vitrification, which is the devitrification of the glass
towards the supercooled liquid state. Here, the system reestablishes its equilibrium in the

course of the kinetic glass transition.

24



Chapter 2: THEORY

2.4.2 The rate dependence of the kinetic glass transition

Like other transition kinetics, vitrification kinetics show a distinct rate dependence,
meaning that the temperature of Tgkin shifts with changing rates. To understand this
aspect, we again consider the concept of the Deborah number, see equation (2.20). In our
cooling experiment, the temperature within a chosen experimental timeframe texp will

change by an amount dT depending on the applied cooling rate qc as

dT

too = (. (2.21)

The system remains in equilibrium as long as De=1/texp<1, since the liquid is able to fully
relax within the experimental timeframe. Hence, the linear response criterium is still
satisfied (see previous chapter) and we observe equilibrium liquid dynamics. In contrast,
the glass is characterized by De>1, indicating that the system has fallen out of equilibrium
through a too large thermal perturbation. Here, the system cannot establish equilibrium
within the experimental timeframe anymore. De=t/texpx1 marks the kinetic glass
transition event. At Tgkin, deriving the expression t=texp with respect to temperature and
taking equation (2.21) into account then provides an alternative criterium for the kinetic

glass transition in form of

dt 1
T = (2.22)

Tg,kin qc

From this equation we see that a lower cooling rate corresponds to a steeper slope dt/dT.
Thanks to the super-exponential temperature dependence of t, see Chapter 2.2, this must
result in a shift of Tgkin towards lower temperatures. Figure 2.9 illustrates the case by

comparing two kinetic glass transitions occurring under different rates qc1 and qc,z2, with

Jc1< (c2.
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r SCL Ue1<0c2 1
r dt(q, 1)/dT>dt(q,,)/dT 1
r Tg,kin(qc,1)<Tg,kin(qc,2) "

Figure 2.9: Comparing two kinetic glass transition temperatures Tgkin(qc,1) and Tgkin(qc2) as a function
of the applied cooling rates qc1<qc2. By taking Equation (2.22) into account, we can see that the super-

exponential shape of the t(T) curve must lead to a decrease in Tgkin with decreasing qc.

2.4.3 The fictive temperature and aging

In most metallic glass literature, the general term ‘glass transition’ refers to the kinetic
glass transition event. The publications included in this thesis also submit to this practice
(if the dynamic glass transition is regarded, it is explicitly indicated as such). Tgxin marks
the borderline between a solid-like and liquid-like empirical appearance and is therefore
especially of technical importance, e.g. in case of casting processes (which are basically
undercooling experiments). At Tgkin, the highly temperature-dependent properties of the
liquid, e.g. its structure, viscosity, (free) volume, enthalpy, or entropy, freeze and are
‘conserved’ in the glassy state. The result is a glass with properties that are a function of
its thermal history, which is, here in our present undercooling experiment, determined by
the applied cooling rate. An often used metric to quantify the state of the glass is the so-
called fictive temperature Tric [135], which refers to the temperature of the kinetic glass
transition that corresponds to the present glass state. In Figure 2.10, Tri is indicated for

two different rates qc1 and qc2 (qc1<qc2), resulting in two glasses G(qc1) and G(qcz2). The
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exact temperature is thereby defined via a tangent method that determines the
intersection between the SCL line and the glassy state trendline. In Chapter 4.1.4, we will
introduce a sophisticated method to determine Tric via calorimetric measurements, the

so-called Moynihan approach [136].

Besides the cooling rate during vitrification, thermal history and properties of a glass can
be also altered through aging. Thereby, the non-equilibrium glass evolves towards the
equilibrium supercooled liquid state. Such processes can occur in vicinity of Tgkin (When
the Deborah number is still near 1), e.g. during isotherms or when the glass is heated at a
rate slower than the cooling rate with which it was initially formed. The temporal
evolution of an isothermal aging process can be modelled by a KWW stretched
exponential function, as introduced in Equation (2.4). Here, it must be remembered that
the obtained values for § and t do not characterize an equilibrium process, but an aging
process, i.e. the isothermal kinetic glass transition. Figure 2.10 illustrates two schematic
aging routes starting in the fast-quenched glass G(qc2). Aging1 (blue) portrays an isotherm
at Ta for an aging time ti. The timespan is insufficient to completely reach the
temperature-specific equilibrium liquid state, and hence, the aging process results in a
new, more relaxed glassy state G(Tat1) of lower enthalpy, entropy and volume than the
original G(qcz2). Itaccordingly features a lower fictive temperature Tric(Ta,t1). Agingz (blue)
reflects an isotherm at Ta for an aging time t2. This timespan is chosen as t22Ttrans, with
Twrans being the so-called transition time. It marks the minimal aging time needed to
reestablish the respective equilibrium SCL state starting from a given initial glass [1,70].
Accordingly, the agingz process results in a state with a fictive temperature Tric(Ta,t2) that
coincides with the SCL line, showing that the initially non-equilibrium system has aged

back into equilibrium again.
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Enthalpy, entropy, volume

Figure 2.10: A schematic illustration of the pathways of enthalpy, entropy, or volume during
vitrification upon cooling with two different cooling rates. Fast cooling leads to a glass with a high
fictive temperature Trc(qc2) (red), slower cooling creates a glass with a respectively lower fictive
temperature Trc(qc1) (blue). Isothermal aging will result in a glass with a lower fictive temperature

(green), or even allow for a full isothermal glass transition (orange), depending on the aging time.

2.4.4 The Frenkel-Kobeko-Reiner relation

Despite being different effects that belong to the different fields of dynamics and kinetics,
Tgdyn and Tgkin are nevertheless closely related. Equation (2.22) already foreshadows this
relation as it connects the rate-dependent Tgkin with a dynamic property in form of the
liquid’s relaxation time. To further understand this equation, we assume an Arrhenius-
like temperature dependence of T for simplicity, which still can be a valid approximation
for a limited temperature range of interest. Then, combining Equation (2.22) and

Equation (2.13) leads to

dt
dT

E

1

A

= 1(Ty kin) RTZ, =g (2.23)
g,kin

Tg,kin

and this can be further reduced to
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RT?,;
=4 t(Tykin) =—5 = C. (2:24)

This expression is called the Frenkel-Kobeko-Rainer (FKR) relation [132,134,137]. Since
the parameter C is considered to be a constant, this fundamental equation resolves the

close interplay between liquid dynamics and vitrification kinetics.

This comes to no great surprise if one considers that vitrification is basically the process
of liquid dynamics falling out of equilibrium, as they just cannot completely occur
anymore within the experimental timeframe. Hence, liquid dynamics must naturally
predetermine the system’s vitrification kinetics. Furthermore, it shall be mentioned that
the close relationship between liquid dynamics and vitrification is also the reason why
glasses also show spatial heterogeneous relaxation times [95,96], as earlier discussed in
Chapter 2.2.2. It appears that the glassy state inherits the heterogeneous nature from its

predecessor, the supercooled liquid state [88,89].

2.5 Structure in metallic glass forming systems

From a dynamical point of view, we have derived that glasses are obtained by
supercooling a liquid until vitrification sets in. This process of gradually falling out of
equilibrium is the reason why the structure of a glass cannot be differentiated from the
structure of a liquid at the corresponding fictive temperature. Accordingly, glass is widely
categorized as a form of solid matter that has inherited the amorphous atomic structure
from the liquid state it stems from, thereby lacking the long-range translational order
known from crystalline solids. While most dynamic and kinetic considerations from the
previous chapters can be generalized for all (glass forming) liquids, structure is highly
dependent on the specific type of chemical bonding and therefore differs massively among
the various classes of glass formers. Other than in molecular, polymeric or oxidic systems,
the smallest structural unit, also previously termed ‘particle’, of metallic glass forming
liquids is the individual atom. The short-range order (SRO), i.e. the configuration of
nearest neighbor atoms, is therefore rather unclearly defined, more fluid than in other

liquid classes.
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2.5.1 Short-range order in metallic liquids

One of the first attempts to visualize such SRO can be found in the topological approach
of dense random packing by J. Bernal in 1959 [138-140]. Assuming a monoatomic liquid
consisting of hard spheres, Bernal conceptualized local ordering via five types of irregular
polyhedra [138-140]. These so-called ‘Bernal’s holes’ are illustrated in Figure 2.11.
Among them, the tetrahedron is found to be the most densely packed and most prevalent
[141]. With only slight geometrical frustration, tetrahedra can furthermore arrange into
an icosahedron [142], which is a highly symmetrical cluster consisting of one center atom

surrounded by 12 others.

Figure 2.11: Illustrations of five typical polyhedral structures in a monoatomic liquid, termed ‘Bernal’s
holes’. The left figure indicates the hard sphere packing, the right figure depicts the formed hole in
their center. a) Tetrahedron, b) octahedron, c) tetragonal dodecahedron, d) capped trigonal prism, and

e) capped Archimedean antiprism. Taken from [142].

An icosahedron shows a higher local packing fraction than e.g. a face-centered cubic (FCC)
crystalline structure, therefore being an energetically favorable SRO structure in liquids
as previously suggested by F. Frank [143]. The existence of icosahedral SRO has been
experimentally confirmed for monoatomic melts [144] and was even imaged as a two-
dimensional projection for a metallic glass [145]. Yet, icosahedra differ from crystalline
packing schemes by their five-fold symmetry, which frustrates long-range transitional
order. Hence, while icosahedra offer optimized packing on short scales, long-range
ordered crystalline structures become energetically favorable when regarding length

scales beyond the SRO. Figure 2.12 illustrates these considerations.
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Figure 2.12: Polytetrahedral packing in monoatomic liquids consisting of hard spheres can occur
through four-fold symmetry FCC packing, which is highly energetically favorable in terms of long range
order, as it allows for a crystalline lattice. In contrast, five-fold symmetry icosahedrons may provide
more favorable packing on short ranges, but at the cost of a frustrated long-range order that permits a

crystalline structure. Taken from [142].

It has been hypothesized that high degrees of icosahedral SRO in the liquid state facilitate
glass formation, since crystallization is impeded by the need for essential changes in local
ordering. In other words, the fundamental differences in the SRO of liquid and crystalline
state are thought to be the structural origin of the supercooling ability of metallic melts

[143,146,147].

Besides such topological considerations, T. Hayes et al. [148] demonstrated the influence
of chemistry on the SRO in 1978 by showing distinct deviations from the dense random
packing model for a binary Pd-Ge metallic glass. Shortly afterwards, P. Gaskell
substantiated the idea of chemistry-specific structure in metallic glass formers by
presenting a structural model explicitly designed for metal-metalloid glass formers
[149,150]. Here, SRO is seen to rather manifest via trigonal prisms as the prevalent

polyhedral structure.
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2.5.2 The rise of medium-range order in undercooled metallic melts and metallic glasses

We know from the Gibbs-Helmholtz formula, see Equation (2.1), that with sinking
temperature, there comes an enthalpy-driven tendency towards increasing order. In case
of metallic liquids, this implies an overall increase in atomic packing density with
undercooling. More rigid local configurations become energetically favorable and
therefore, the previously described polyhedral SRO increases in prevalence
[144,151,152]. The emergence of such highly ordered local structures in an otherwise still
poorly ordered liquid configuration is often interpreted as the structural origin of the
dynamic slowdown and the rise of dynamic heterogeneities [88,89,122,153,154] as
discussed in Chapter 2.2. The appearing SRO clusters are thought to agglomerate and
interlock, thereby forming larger network-like regions of reduced mobility [152], as
exemplarily described in the earlier introduced dynamical model by Cohen and Grest
[122], see Chapter 2.2.4. In other words, medium-range order (MRO) rises with

undercooling through the increase and agglomeration of SRO structures.

In a series of articles starting in 2003, D. Miracle [155-158] published his famous efficient
cluster packing (ECP) model. This topological approach is able to describe the SRO and
MRO of metallic glass formers as a function of the size and stoichiometry of the included
atomic species. The species with the highest concentration is termed the solvent Q. The
model further includes up to three other atomic species, the so-called solutes «, 3, and v,
which are labeled according to their atomic radii from large to small. The SRO is formed
through clusters consisting of ) atoms surrounding an o atom in the center. Thereby, the
coordination number is determined by the size ratio of the a and Q species. MRO results
from arranging these clusters in an FCC or hexagonal closest packed (HCP) lattice,
allowing for a high packing density. Here it shall be highlighted that despite the presence
of such an ordered ‘superstructure’, long-range order is still frustrated by the random
rotational orientation of the clusters. The clusters overlap and share atoms via vertex-,
edge-, or face-connections and show differently sized interstices, which are accordingly
occupied by the smaller $ and y species. Figure 2.13a) provides a two-dimensional
representation by illustrating a <100> plane of an FCC lattice. In this plane, only the a and
B solutes are visible, while the three-dimensional illustration in Figure 2.13b) also allows
to depict the y species. Despite the fact that the ECP model is only of topological origin, it

can be nevertheless used to successfully predict compositions with good GFA [157-159].
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Figure 2.13: The efficient cluster packing model by Miracle. A depiction of a <100> plane of an FCC
lattice is shown in a), where the solvent Q0 as well as the a and B solutes are visible. The three-

dimensional illustration in b) furthermore reveals the y solute. Taken from [158].

In 2006, Sheng et al. [160] presented a refined model, which determines SRO not only
through topological considerations, but also based on chemical affinities between the
different atomic species. MRO then emerges from SRO clusters arranging in larger,
icosahedral-like ‘extended cluster’ superstructures, as exemplarily shown in Figure 2.14.
Sheng et al. further proposed that the configuration and interconnection of these
extended clusters changes with the concentration of solutes, thereby highlighting again

the complex interdependency of chemistry, topology, and structure.

<0,4,4,3>

Figure 2.14: lllustration of an icosahedral-like superstructure of a NigoP2o glass former, which consists

of several solute-centered clusters. Taken from [160].
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2.5.3 Structural information from diffraction studies

Despite their growing levels of sophistication, the presented theoretical models are still
based on oversimplifications and often find their limitations when approaching the
complex reality of metallic glass forming systems [142]. Modern electron diffraction via
transmission electron microscopy (TEM) [161-163] and especially high-energy
synchrotron X-ray diffraction (HESXRD) [9,164,165] allow to approach the structure of
metallic glass formers from an experimental angle. While a proper theoretical and
technical introduction will be provided later in Chapter 4.3, we want to highlight here a
very intuitive property that can be obtained from such diffraction studies, which is the
total (reduced) pair distribution function (PDF) G(r). In simplified terms, G(r) describes
the probability of encountering a different atom at a distance r from a given reference
atom. Figure 2.15a) illustrates the principle on hand of two g(r) curves of a metallic glass
former [164]. g(r) is the total pair distribution function, which is almost identical to G(r)

(the difference is that g(r) includes the number density, see later in Equation (4.31)).
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Figure 2.15: a) Total pair distribution function in a high-temperature metallic liquid (orange) and glass
(cyan). The sharpened peaks in the low temperature glass state indicates the increased order. The red
box highlights a typical MRO length scale, which represents cluster connections through second-
nearest neighbor relations, as illustrated in the sketch. b) Schemes of different cluster connections,

which differ in the number of shared atoms between both clusters. Taken from [164].
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The peaks in g(r) correspond to the respective shells of atomic neighbors. For example,
the red box around the second g(r) peaks reflects the shell of second-nearest neighbors,
as further indicated by the red arrow in the inserted sketch of an atomic ensemble. This
second-nearest neighbor region incorporates information about the MRO and the
dominant cluster connection schemes [164]. Possible schemes are illustrated in Figure

2.15b) and can be based on edge-, face-, or vertex-sharing.

2.6 Crystallization according to the classical nucleation theory

We now have excessively discussed the implications of the Gibbs-Helmholtz formula, see
Equation (2.1), for the evolution of the dynamics and the structure of (metallic) liquids
during undercooling. Eventually, the massive dynamic slowdown and the rise of ordered
local structures may lead to vitrification and the formation of a glass, i.e. a solid without
long-range order. Yet, these considerations assume the absence of interfering
crystallization processes. Crystallization is a first-order phase transition in which the
liquid transforms into a solid state with explicit long-range order in form of a periodic
lattice structure. While some material classes, like e.g. oxidic glass formers or atactic
polymers, show no pronounced tendencies to crystallize or even lack the general ability
to do so, undercooled metallic melts are rather prone to crystallization. Avoiding it is
therefore the essential precondition for glass formation in metallic systems. In the
following, we will focus on the thermodynamic and dynamic aspects that determine the
crystallization behavior of undercooled metallic liquids. With the Johnson-Mehl-Avrami-
Kolmogorov (JMAK) approach, we will furthermore introduce a quantitative way to model

crystallization kinetics in time-temperature-transformation (TTT) diagrams.

2.6.1 Thermodynamic functions of liquid and crystalline state

Aliquid becomes metastable when cooled below its liquidus temperature Ti. Accordingly,
there exists a crystalline phase that features a lower Gibbs free energy than the liquid and
hence, the possibility of crystallization emerges. The driving force from the metastable
undercooled liquid (index 1) towards the crystal (index x) is then approximated as the

difference of their G(T) functions, AGi-x as

AG_x(T) = G(T) = Gx(T) = AH;_»(T) = TAS;_»(T). (2.25)
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The thermodynamic functions AHix and ASix are further termed excess enthalpy and
excess entropy. They can be calculated from the excess (specific and isobaric) heat

capacity Acp,x=Cp,-Cpx according to the following equations:

T

AH,_(T) = AH,, — f Acp_(T") dT', (2.26)
T
TAcy (T

AS,_(T) = AS,, —f me dT’. (2.27)
T

Here, AHm and ASm are the enthalpy and entropy of melting, with ASm=AHm/T. The
thermodynamic functions of cp;1 and cpx can be modelled by the so-called Kubaschewski

equations [166] as

cpy(T) = 3R + aT + bT 2 (2.28)
cpx(T) = 3R + cT +dT?, (2.29)

with R being the gas constant and a, b, ¢, and d being fitting parameters.

2.6.2 Forming a critical nucleus from a thermodynamic point of view

Figure 2.16 schematically illustrates the G(T) curves for the liquid and crystalline state.
For two exemplary temperatures in the undercooled state, T1 and T2 with T2<Ti, the
thermodynamic driving forces towards crystallization AGix(T1) and AGix(T2) are
indicated trough arrows. It is apparent that AGix naturally increases with ongoing
undercooling AT=Ti-T. Without any inhibiting activation barrier, crystallization would
occur spontaneously as soon as a liquid undershoots the liquidus temperature. Yet,
massive supercooling can be possible under certain conditions, which is the precondition
that potentially leads to vitrification. To resolve this apparent inconsistency, we must
understand crystallization as a nucleation and growth process, where nuclei with a
certain volume must form in a surrounding liquid matrix. On the one hand, any
precipitating crystalline volume Vx corresponds to a favorable change in the system’s
Gibbs free energy AGv=Vx Agix(T), with Agix(T) being the thermodynamic driving force
AGix(T) from Equation (2.25) normalized to the (molar) volume Vm as Agix(T)=AG-
x(T)/Vm. On the other hand, such a crystalline volume comes with a surface, i.e. an
interface Ax between the crystalline lattice structure and the surrounding amorphous

liquid. It incorporates a sharp and severe change in structure and entropy, making the
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interface energetically unfavorable, which is expressed by an interfacial energy yix.
Hence, there exists a surface contribution AGa=Ax y1x that hinders the formation of a
crystalline nucleus. Together, the system’s overall change in Gibbs free energy through

crystal nucleation AG constitutes from the sum of the volumetric and the surface term as

AG = —AGy + AG, = =V, Agi—y + Ay Vi_y. (2.30)

Nuclei are usually assumed to form in spheric shapes, since a sphere allows to minimize
the amount of unfavorable interface in relation to the respective volume. Equation (2.30)

can be accordingly rewritten as a function of the nucleus radius r and the temperature T:

4
AG(T,r) = —37 r3Ag,_(T) + 4w 2 y,_,. (2.31)

- . Turnbull
approximation

iquid ()"

T

Figure 2.16: Schematic Gibbs free energy curves for the liquid and crystalline state. At the liquidus
temperature, both phases are in equilibrium and their curves cross. A thermodynamic driving force
towards crystallization AGi« rises for temperatures below Ti. The Turnbull approximation assumes
linear temperature dependence for both curves, which is an adequate approach in vicinity of T, see

the gray lines.

Nucleation occurs as a statistical process. In the course of the structural fluctuations that
constitute the a-relaxation, ordered regions that resemble the structure of the crystalline

lattice can spontaneously form in the undercooled liquid (we will later consider the
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frequency of such an event when discussing the nucleation rate). The radii of these so-
called ‘embryos’ decides if they are unstable or if they are persistent and able to grow.
Figure 2.17a) visualizes the matter on hand of two AG(T,r) curves at T1 and ATz, with
T2<T1 (analogous to Figure 2.16). Regarding AG(T1,r), we see that for small embryo radii,
the positive surface term AGa dominates. Accordingly, a further growth would lead to an
energetically unfavorable rise in AG(T1,r) and hence the embryo will rather dissolve again.
Yet, if the embryo forms with a radius that bypasses the so-called critical radius r" it
becomes a supercritical nucleus. Here, the negative volume term AGv starts to dominate
and the nucleus is able to lower the system’s Gibbs free energy by increasing its radius
through growth. The associated value AG"(T1) can be interpreted as the respective

activation barrier to form a supercritical, growth-capable nucleus at T1.

Mathematically speaking, a critical nucleus with a radius r* is reached at the maximum of

the AG(T,r) curve, where the derivative of AG(T,r) with respect to the radius equals zero:

dAG(T,r)

= 0.
- (2.32)

r*

Combining this condition with Equation (2.31) allows to calculate the temperature-

dependent critical radius and the corresponding activation barrier for nucleation as

() = 2V
r™(T) = 29, (T) (2.33)
* _ 6 Vl—x3

These equations demonstrate again that the system’s ‘thermodynamic motivation’ for
nucleation stems from the antagonism of the thermodynamic driving force Agix(T) and
the prohibitive effect of yix. Since the former increases with undercooling, see Figure 2.16,
while the latter is assumed to be temperature independent, r*(T) and AG*(T) will decline
rapidly with decreasing temperature. Comparing the curves for T1 and T2 in Figure 2.17

demonstrates this exemplarily.

To further specify the temperature dependence, the excess Gibbs free energy can be
assumed as AGix(T)=-ASm/AT in case of a reasonably small undercooling [167]. This so-
called Turnbull approximation [168] linearizes the temperature dependencies of the G(T)
curves of liquid and crystal as shown by the gray lines in Figure 2.16. Equations (2.33)
and (2.33) then might be reformulated as
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% _ 2 Yi—x Tm
r(T) = AH. AT (2.35)
6yl—x3
AG(T) = —————, 2.36
() 3 AH,, AT? ( )

thereby showing that r*(T) and AG*(T) will decrease with AT-1 and AT-2 respectively, as
further illustrated in Figure 2.17b).
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Figure 2.17: a) The overall change in Gibbs free energy as a function of crystalline embryo radius. It
consists of a negative volume term and positive surface term. The temperature-dependent maximum
AG*(T) marks the respective critical radius r*(T) after which an embryo becomes stable and able to

growth. b) Temperature dependencies of r*(T) and AG*(T), both decrease rapidly with undercooling.
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2.6.3 The rates of homogeneous and heterogeneous nucleation

The decrease of r*(T) and AG*(T) with ongoing undercooling naturally increases the
probability of critical nuclei forming spontaneously. Their average number n*(T) can be
calculated at any given temperature from the absolute number of atoms in the system no

according to

AG*(T)> 237)

n*(T) = n, exp< T
B

Yet, in order to become supercritical, these nuclei must further increase their radius, see
Figure 2.17, by adding more atoms from the surrounding liquid. This process is
characterized by the so-called atomic jump frequency v(T), which quantifies how
frequently atoms from the liquid phase will attach to the crystalline lattice. v(T) ultimately
represents liquid dynamics and is closely related to dynamic properties like the atomic
mobility p and diffusivity D, see Equations (2.8) and (2.9). Hence, the homogeneous,
steady-state nucleation rate I(T) with which supercritical nuclei form results from the

interplay of n*(T) and v(T) according to

(2.38)

I(T) = Av(T) exp <— AG*CF)).

kg T

Assuming that the Stokes-Einstein relation from Equation (2.11) is valid, Turnbull stated
that v(T) is inversely proportional to n(T) [169]. Together with Equation (2.34), I(T) can

be therefore reformulated as

_ Av _ 16 Vl—x3
=5 e"p( 3 ks TAgl_x(TV)' (239)

with Ay being a prefactor. Here, we observe antithetical behavior. While the
‘thermodynamic motivation’ for nucleation, represented by AG*(T) or Agix(T), increases
with undercooling, the accompanying slowdown of liquid dynamics acts as a

deaccelerating factor.

As suggested by the term ‘homogeneous nucleation rate’, Equations (2.38) and (2.39)
assume that supercritical nuclei form homogeneously from the liquid state, i.e. precipitate
in full spheric geometry as described in the context of Equation (2.31). Yet, under the
presence of any kind of crystalline interface, the formation of embryos and supercritical

nuclei can be massively facilitated. Such catalyzing interfaces might be brought in by the
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container wall which surrounds the melt or also through impurities like oxide particles.
Mechanistically, the crystalline structure of these heterogeneous nucleation sites might
resemble the structure of the nucleating crystal, resulting in a low interfacial energy
between the two crystalline phases. Accordingly, embryos and nuclei can easily form by
wetting the interface with a wetting angle 6 and showing an only partially spherical shape
as illustrated in the inset of Figure 2.18. The two AG(r) curves illustrate the massive

decrease of the activation barrier that can be achieved through heterogeneous nucleation.

Homogeneously formed
critcal nucleus

Heterogeneously formed
critcal nucleus

6=90° )
S(0)=0.5

r

Change in Gibbs free energy AG

u Nucleation site

Figure 2.18: The influence of heterogeneous nucleation on the overall change in Gibbs free energy. The
inset sketches a critical nucleus that forms heterogeneously on a nucleation site surface. Due to the
wetting angle of 90°, only half of the crystalline volume has to be formed and the activation barrier for

nucleation is halved.

This effectively lowers the nucleus volume needed to achieve supercriticality and
therefore reduces the corresponding activation barrier for heterogeneous nucleation

AG™het(T) as

AG;,.(T) = AG*(T) S(6). (2.40)

0 < S(0) < 1 is the shape factor
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S(6) = % (2 + cos(0)) (1 — cos(0))?, (2.41)

which quantifies the reduction of the activation barrier as a function of the wetting angle.
Figure 2.18 illustrates an exemplary case of a 90° wetting, resulting in a halving of

AG™het(T) with respect to AG*(T), i.e. S(6)=0.5.

2.6.4 The crystal growth rate

Once a supercritical nucleus has formed, it proceeds to expand with a growth rate u(T)

[170] according to

u(T)

f kB T (1 . Va AGl—x(T)) (2.42)

“3mdznT) P kp T

Here, d is the average atomic diameter, Va is the average atomic volume, and f is a factor
that quantifies the atomic-scale roughness of the crystal-liquid interface [170]. Again,
thermodynamics favor crystal growth with ongoing undercooling through the increasing
driving force AGix(T), yet, u(T) differs from I(T) as it is not affected by the interfacial
energy Yix Liquid dynamics are again represented by n(T) and act as a deaccelerating

factor with undercooling in a similar way as found for I(T).

2.6.5 The JMAK model and the TTT diagram

We have seen that the rates of nucleation and growth both result from an interplay of
thermodynamic and dynamic contributions and that these influence factors behave
antagonistic in their temperature dependence. As a consequence, [(T) and u(T) do not rise
monotonically with undercooling but instead increase towards maximum values to then
decrease again, thereby creating nose-shaped appearances. Figure 2.19a) illustrates this
behavior schematically and shows that the different mathematical conceptions of I(T) and
u(T) causes them to show their maxima at different temperatures. By comparing the
exponential arguments of Equations (2.39) and (2.42), it becomes evident that I(T) is
decisively more dictated by thermodynamics than u(T). Accordingly, I(T) reaches its
maximum at relatively low temperatures, while u(T) is rather dominated by the influence
of liquid dynamics, therefore showing its maximum at higher temperatures in vicinity of

Th.
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Figure 2.19: In a), the temperature dependent functions of growth rate u(T) and nucleation rate I(T)
are schematically compared. While the former dominates at higher temperatures, the latter is most
prominent at lower temperatures. The interplay of u(T) and I(T) eventually determines the JMAK
function that describes the crystallization nose shown in the TTT diagram in b).

Crystallization occurs as a two-stage process. To initiate it, supercritical nuclei have to
form first, which then are able to grow and ultimately consume all liquid volume to
transform the system in a fully crystalline state. Stemming from the classical nucleation
theory, the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model allows to describe
crystallization kinetics by combining the previously introduced expressions for I(T) and
u(T), see Equations (2.39) and (2.42). Assuming a polymorphic transition and spherical
growth, the crystallized fraction x(t,T) can be calculated as a function of the isothermal

waiting time t [171,172] as
T
x(6,T) =1— exp (§ 1(T) u(T)? t*). (2.43)

This formula can be reformulated to calculate the waiting time t(x,T) after which a specific

crystallized fraction x is found at a given temperature T:

1
_ (=3In(1 —x)\* 2 44
toaT) = <7TI(T) u(T)3> ' (2:44)

Figure 2.19b) shows a so-called time-temperature-transformation (TTT) diagram with a
JMAK fit calculated for x=0.01 that results from the I(T) and u(T) curves in Figure 2.19a).
Apparently, the JMAK fit also features a typical nose shape that evolves at intermediate

temperatures between the maxima of I(T) and u(T). The tip of the t(x,T) nose at T* features
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a minimum crystallization time tx", indicating an optimal combination of nucleation and
growth rates that leads to the fastest crystallization kinetics possible. At temperatures
above the nose, crystallization is delayed due to the low thermodynamic driving force and
the accordingly low nucleation rate. Here, one speaks of ‘nucleation controlled’
crystallization kinetics, since the initial formation of supercritical nuclei is the decisive
limiting factor. Once formed, the fast growth kinetics lead to a rapid, almost ‘explosive’
crystallization process and a typical coarse-grained crystalline microstructure. The
opposite picture is found below the nose, where crystallization kinetics are ‘growth
controlled’, meaning that there exists an abundance of supercritical nuclei, which are
however limited in their ability to growth though the overall slow liquid dynamics. These

conditions lead to a typical fine-grained crystalline microstructure.

2.7 Preventing crystallization and forming a glass

2.7.1 Critical cooling rate and critical casting diameter

Despite being usually measured under isothermal conditions, the TTT diagram is a mighty
and central tool to visualize and evaluate the glass forming ability of a system during
undercooling. Bypassing the t«"(T") critical point without initiating crystallization is the
crucial condition for glass formation in most casting applications. The slowest (constant)
cooling rate, with which crystallization can be still completely avoided, is the so-called
critical cooling rate Rc. As indicated in Figure 2.20, cooling with Rc corresponds to a
thermal path (blue dashed line) that grazes the tip of the crystallization nose at tx"(T") and
still allows for full vitrification at the rate-dependent Tgkin (gray solid line) as one would
expect it from a faster cooling rate (green dashed line). Rates slower than R¢ (red dashed
line) cross the nose-shaped JMAK fit in the TTT diagram, and the system crystallizes. We
see here that the GFA of a given alloy can be directly quantified by its critical cooling rate.
A low Rc indicates high GFA and further corresponds by trend to a large tx’, i.e. a high
thermal stability of the supercooled liquid against crystallization. Assuming that the
primary crystalline phase melts completely at Ti, Rc can be estimated from 1= by a simple

two-point linear equation:

R, = . (2.45)
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Figure 2.20: A TTT diagram that demonstrates why the GFA can be expressed through a so-called
critical cooling rate R Undercooling the liquid with rates faster (green line) or equal to (blue line) R¢
still allows glass formation as the crystallization nose is not passed. Slower cooling rates (red line) will

create a thermal path that crosses the crystallization nose, leading to a (partially of fully) crystallized

material.

The existence of a critical cooling rate and the limited thermal conductivity of any
supercooled liquid further imply restrictions in geometry and size for the casting of fully
amorphous specimen. Hence, the GFA of an alloy can be also quantified through a critical
(casting) diameter dc, which is the diameter of the largest rod-shaped sample that can be
still cast in a fully amorphous state. Assuming constant heat capacity and thermal

conductivity, Johnson et al. [75] estimated a rule of thumb that connects dc (in cm) and Rc

(in K/s) according to

d. = |—. (2.46)
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Naturally, dc also correlates with 1x", since by trend, a higher thermal stability of the
supercooled liquid allows for larger critical diameters. Johnson, Na, and Demitriou [173]

established an empirical connection in the form of

d, = 8.6466 (13)°3%, (2.47)

From a practical perspective, dc might be the most frequently used metric to quantify GFA.
First of all, it is of fundamental and direct relevance for industrial casting processes that
aim for fully amorphous parts. Secondly, it can be easily evaluated through series of
casting experiments with increasing sample sizes and a subsequent screening of the
microstructure. In contrast, an empirical determination of Rc requires complex in-situ
monitoring of the undercooling process [174]. Evaluating the TTT diagram-based
parameter Tx is also rather effort consuming. It usually incorporates JMAK fitting, see
Equation (2.44), of extensive data sets obtained by means of e.g. calorimetry, as later
discussed in Chapter 4.1.5. Nevertheless, knowledge of the TTT diagram can turn out as
crucial for advanced processing routes like thermoplastic forming or additive

manufacturing, as it will be introduced in the Chapters 3.3 and 3.4.

2.7.2 The glass forming ability as an interplay of structure, thermodynamics, and dynamics

We have seen that the ability to undercool and vitrify metallic melts is a question of
crystallization avoidance. The crystallization timescale must be prolongated to create the
needed ‘room for maneuver’ for a cooling procedure that passes through the
crystallization-prone undercooled liquid region until reaching the kinetic glass transition.
This goal can be promoted through a stabilization of the liquid state on the one hand and
a demotivation of the crystallization process itself on the other hand. In the following, we
will briefly summarize the previous chapters by highlighting all the structural,
thermodynamic, and dynamic aspects that favor GFA and especially, we will try to

highlight the tight connections and crosslinks between these different factors.

Starting from a structural perspective, we have seen in Chapter 2.5 that a well-adjusted
chemical composition can allow for increased packing density and low levels of free
volume in metallic liquids. Optimized topology and chemical affinity among the included
species result in pronounced order on short and medium length scales, ultimately

allowing to stabilize the undercooled state against crystallization.
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Regarding the Gibbs-Helmholtz formula, see Equation (2.1), such a rigid atomic structure
finds its thermodynamic expression in overall low levels of Gibbs free energy of the liquid
(Chapter 2.6.2) and accordingly a low driving force towards crystallization AGi-x.
Furthermore, the structural motifs that establish the liquid SRO, which are prevalently
icosahedra or trigonal prisms as discussed in Chapter 2.5.1, are often incompatible with
the packing scheme of the rivaling crystalline state. Hence, the crystallization process
must be accompanied by considerable structural rearrangements, and this facet manifests
thermodynamically through the interfacial energy y. A high interfacial energy effectively
impedes the formation of critical nuclei and results in a low nucleation rate I(t), as

explained in Chapter 2.6.3.

From a dynamic perspective, pronounced structural order and accordingly low levels of
free volume and entropy imply highly cooperative liquid dynamics (Chapter 2.2.2) and a
rather strong behavior in terms of the fragility concept. Here it shall be referred to
Chapter 2.2.4, especially regarding the free volume models by Doolittle and Cohen-Grest
as well as the thermodynamic Adam-Gibbs and MYEGA models. A strong liquid behavior
goes hand in hand with sluggish structural relaxation processes in the crystallization-
prone undercooled state. This diminishes the rates of crystal nucleation and growth as
well, thereby effectively impeding crystallization kinetics as discussed in the framework

of the JMAK model in Chapter 2.6.5.

Since the interplay of all these factors is highly sensitive to the respective alloy
composition, different metallic glass formers will usually vary in terms of the ‘main
origins’ of their GFA. Gross et al. [71] provided a scheme shown in Figure 2.21 that
classifies BMG formers in a ‘kinetically stabilized’ group and a ‘thermodynamically
stabilized’ group. The alloys of the former group gain their GFA mainly from impeded
crystallization kinetics caused by strong liquid behavior and accordingly sluggish
dynamics. The latter group is again subclassified in systems that are thermodynamically
stabilized through a low driving force and those that show impeded crystallization due to

a high interfacial energy.

47



Chapter 2: THEORY

\anetically Stabilizg,

S\uggiSh ki netiCs

ased Fe\
® %,
®
o
5
& glass-forming
e ability
>,
= - &
- (%) QO
(o) o)
% o ¢
&
% &
O/'C - Y\\Q
e )
&
6@,.07

e 1%
Odynamically staoM*

Figure 2.21: A scheme by O. Gross et al. [71] that classifies metallic glass formers according to the main
factor that determines their GFA. While Pd- and Pt-based liquids are rather thermodynamically

stabilized against crystallization, Zr-, Mg-, and Fe-based systems are more kinetically stabilized.

2.7.3 Practical metrics and rules for optimized glass forming ability

Besides these theoretical considerations, the following chapter will provide rather
practical rules and principles that can help in alloy development attempts towards

compositions with high GFA.

The term ‘confusion principle’ summarizes several GFA-promoting aspects that come
with an increased number of atomic species in the alloy composition [175]. At first, a
broad field of incorporated elements by trend increases the complexity of the primarily
formed crystalline phase. This hampers crystallization, as it is now reliant on extensive
structural rearrangements. Moreover, complex crystalline phases tend to be less
thermodynamically stable, hence featuring a low thermodynamic driving force AGix

[176]. Incorporating various atomic species in different sizes further allows for efficient
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and dense packing, low free volume, and accordingly sluggish liquid dynamics and
crystallization kinetics as previously discussed. Inoue subsumed these considerations in
his well-known criteria for good GFA [177], which are (1) having a multicomponent alloy
with at least three atomic species, which show (2) relative atomic size differences of 12%
or more, and (3) all-negative enthalpies of mixing among each other. The first rule directly
refers to the confusion principle, while the second rule is basically an inversion of the
Hume-Rothery size rule for crystalline substitutional solid solutions. The third rule
further promotes dense packing through chemical affinity while also decreasing the
tendency for phase separation, which is often found to be the precursor of fast

crystallization processes [21].

The melting event of a given alloy is easy to characterize by calorimetry and can provide
valuable insights, as it reflects the thermodynamic relationship between crystal and
liquid. A low entropy of melting can indicate a highly ordered liquid state with potentially
high GFA. According to the Turnbull approximation AGix(T)=-ASm/AT introduced in
Chapter 2.6.2, ASm represents the steepness of the AGi-x(T) curve and is therefore a direct
measure of the system’s thermodynamic driving force towards crystallization [167,168].
Furthermore, a comparably low liquidus temperature speaks for a thermodynamically
stable liquid, and such a condition is usually found at (near-)eutectic compositions. This
is the basis of Turnbull’s famous reduced glass transition concept, with Trg being defined
as Tg/Ti (Turnbull initially used Tm instead of Ti [169] yet Ti was later found to be a better
predictor [178]). A high Trg means that the critical temperature span between Tiand Tg is
minimized, thereby also minimizing the ‘trespassing time’ that is spent in the
crystallization-prone undercooled liquid state at a given cooling rate. Hence, good glass
formers often show high Trg values in the order of 2/3, while poor glass formers (with

rather high liquidus temperatures) tend to show lower values, respectively.

Finally, it shall be referred to Chapter 2.6.3, where the crucial influence of heterogeneous
nucleation on the crystallization kinetics is explained. To maximize the GFA, high levels of
impurities must be avoided, since particles like e.g. high-melting oxides can act as
heterogeneous nucleation sites. Alloy development attempts should therefore be

conducted initially by using high-purity elements.
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2.8 Mechanical properties of metallic glasses

Metallic glasses feature several properties that make them technologically relevant. The
very soft-magnetic character of some Fe-based systems [22,62] or the high corrosion
resistance of Ti-based [179] or Ni-based alloys [180,181] should be mentioned as
examples. Yet, we will mainly focus on the mechanical performance of BMGs in the
present work and the following chapter will provide an introduction to the topic. For a
broader discussion of the technological potential of BMGs, the reader is referred to further

literature [55,182-185].

2.8.1 On the striking elasticity of metallic glasses

The absence of long-range atomic order in form of a periodic lattice fundamentally affects
the atomistic mechanisms of plastic deformation. Amorphous solids cannot accommodate
applied mechanical stresses through lattice-based effects like dislocation movements,
crystal twinning, or grain boundary sliding. Without such rather easily activated
compensation mechanisms, plastic deformation sets in not until very high mechanical
loads are reached. Hence, metallic glasses show extensive elastic deformability and reach
formidable strength values close to the material’s theoretical strength. The Ashby map in
Figure 2.22 schematically compares usual engineering materials like steels, titanium
alloys, and polymers with metallic glasses regarding their yield strength oy and elastic
limits ey. We see on the one hand that BMGs show oy values that are at least on par with
other engineering metals. Yet, Fe- and NiNb-based systems can exceed yield strengths of
3 GPa or more [31,186], and some Co-based systems outpace most crystalline metals by
reaching extreme levels of up to 5.5 GPa [185,187]. This further implies impressive
hardness, which can surpass values of 1000 Vickers, depending on the system [31,185-
187]. On the other hand, BMGs feature elastic limits of up to 2% deformation, comparable

to the much weaker material class of polymers.

These mechanical properties render BMGs as a highly promising material class for small,
but extremely robust parts, e.g. customer goods, jewelry, or in the defense sector [63].
Furthermore, the combination of high yield strengths and high elastic limits implies a low
damping coefficient and high elastic energy storability, since Ee reflects the integral over

the elastic regime in a stress-strain diagram according to
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1
E, = > Oy &y (2.48)

In principle, this establishes BMGs as superior spring materials. Yet, it must be mentioned
that their humbling fatigue properties diminish the suitability for such applications and

remain a challenge to be addressed [182].
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Figure 2.22: An Ashby map that compares the usual ranges of yield strength oy and elastic limit ¢y for
major engineering material classes and metallic glasses. We see that the metallic glasses offer a very
favorable combination of metal-like strength and polymer-like elastic deformability. Drawn

after [184].

2.8.2 Plasticity at ambient temperatures

To understand plastic deformation of metallic glasses at temperatures far below the
kinetic glass transition, we must consider the earlier discussed heterogeneous nature of
the amorphous state. Plasticity occurs highly inhomogeneous as it initiates very localized
in regions with increased free volume and accordingly lower resistance against viscous
flow. When a certain stress threshold is bypassed, structural rearrangements are locally
activated in a kind of stress-assisted nucleation process [188]. This way, a shear
transformation zone (STZ) is formed, which was already introduced in the context of the
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cooperative shear model of viscous flow, see Chapter 2.2.4. This activation process is
dilatative [188-190] and further increases the local free volume [191-193]. Hence,
localized strain softening sets in and causes self-propagating effects in which the STZs
grow and merge into so-called shear bands. These usually grow from the outer surface of
the part towards the inside [25], thereby orienting in direction of the highest shear
stresses. The only nm-wide shear bands act as internal ‘sliding surfaces’ that can
incorporate massive amounts of plastic deformation, while the surrounding material
remains in the elastic regime. Without interfering mechanisms, even a single shear band
can accumulate catastrophic deformation, causing a material fracture that appears brittle
on a macroscopic scale. Such a scenario is exemplarily given under tensile stresses, which
can tear a BMG sample apart as soon as the yield strength is reached. In contrast,
compression loads are usually accompanied by geometrical constraints that allow the
formation of manifold shear bands without catastrophic failure. Upon bending, the
absence of stresses in the neutral axis stops single shear bands and can prevent early
fracture, as shown in Figure 2.23. Hence, compression and bending loads allow
macroscopic plasticity observed at ambient conditions for various metallic glass formers

[63,188,194].

Figure 2.23: A scanning electron microscope image that shows the typical step-like appearance of
shear band formation on the surface of a heavily bent Zr-based metallic glass strip. The neutral axis in
the core of the specimen prevents catastrophic failure, since it prohibits the formation of a shear band

that spans over the whole sample cross-section. Taken from [188].
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2.8.3 Homogeneous formability at temperatures near the kinetic glass transition

If we heat a metallic glass to temperatures near the kinetic glass transition, the character
of plastic deformation fundamentally changes. At these elevated temperatures, the
Deborah number, see Equation (2.20), again approaches values near unity and structural
relaxation becomes thermally activated in manifold STZs at once. Hence, plasticity does
not manifest anymore through highly localized shear bands but occurs homogeneously
through viscous flow. This so-called superplasticity allows for deformations of 1000%
and more [65,188,195,196], see e.g. Figure 2.24. This is the basis for thermoplastic
forming (TPF) processing routes originally known from polymers, like injection molding,
blow molding or imprinting. The thermoplastic forming process will be further explained

in Chapter 3.4.

T TR

Figure 2.24: A Pd4oNisoP20 metallic glass former brought to 1260% of its initial length through heating
it to temperatures in the SCL state and then applying slow deformation. Taken from [196].
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3. PROCESSING

The following chapter shall provide an overview of the full processing routes that lead to
the specimens characterized in this work. This process starts with the initial material
synthesis described in Chapter 3.1, Alloy synthesis and feedstock production, followed by
the different routes of amorphization, namely Conventional casting of metallic glasses in
Chapter 3.2 and Additive manufacturing of metallic glasses in Chapter 3.3. Chapter 3.4

finally introduces the post-processing route of Thermoplastic forming.

3.1 Alloy synthesis and feedstock production

Before we can focus on the synthesis routes of amorphous parts, we have to consider the
formation of the therefore needed feedstock material. In the present work, such feedstock
material has been formed through three different routes, namely arc melting, induction
melting in combination with fluxing, as well as powder atomization. These processes will

be quickly introduced in the following.

3.1.1 Arc melting

Arc melting is a widely used approach to melt metals, especially those with high melting
and evaporation temperatures. Thereby, the raw elements are placed in a mold pit on a
water-cooled copper plate. The setup is sealed in a vacuum chamber, which is
subsequently evacuated and refilled with a high-purity argon atmosphere. An electric arc
is ignited between a tip-shaped tungsten electrode and the copper plate. Initially, the arc
is used to melt elemental titanium that acts as a getter material and purifies the argon
atmosphere by absorbing excess oxygen from it. Then, the raw material is targeted with
and molten by the electric arc, ultimately creating a homogeneous alloy that cools and
solidifies rapidly onto the quasi-inert water-cooled copper to form button-shaped
feedstock material. Yet, the cooling rates are usually slower than the critical cooling rate,
and hence, the produced feedstock is mostly crystalline. Multiple repetitions of this
process ensure compositional homogeneity. Figure 3.1 sketches the process. In the
present work, arc melting is used to synthesize feedstock of the Zr-based
Zrs93CuzssAli04Nb1s alloy (AMZ4) in Paper 1V, the CuTi-based Cus7Tisz4Zr11Nis alloy
(Vit101) and its derivates from Paper V, as well as the Nis2Nbss alloy from Paper VI.
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Figure 3.1: A scheme of the arc melting process. The material is molten and alloyed by an electric arc
under an inert gas atmosphere. The water cooling system prohibits reactions between the melt and

the copper mold.

3.1.2 Inductive melting and fluxing processes

To melt and alloy elements with lower melting and evaporation points, inductive melting
can be a more gentle and careful approach, as it is able to introduce thermal energy less
intensive and more homogeneous than the high-temperature electric arc. The noble-
metal-based systems Pts25Cuz27NiosP21 (Papers I-11I) and Pd43Cuz7NiioP20 (PaperI) are
good examples, since inductive melting is well-suited to alloy the highly elusive and rather
reactive phosphorus with the metallic elements. Figure 3.2 illustrates that the alloying
procedure is conducted in an evacuated and high-purity argon refilled quartz tube. A more
detailed process description can be found in [197,198]. After solidification, an alloy ingot

in the shape of the quartz glass is obtained.
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Figure 3.2: Scheme of the inductive melting and alloying process under inert gas atmosphere. A quartz
tube serves as crucible.

Furthermore, it has been shown that a fluxing process allows to purify such noble-metal-
based alloys and increase their GFA significantly [199]. Hence, to produce high-purity
feedstock, the induction-alloyed Pta25Cu27Ni9osP21 and Pd43Cu27Ni1oP20 material is fluxed

in liquid B203 at 1473 K for at least 16 h in a resistive furnace, as sketched in Figure 3.3.
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Figure 3.3: Scheme of the fluxing process. The previously alloyed feedstock is molten in a resistive

furnace under an inert gas atmosphere and being covered by the fluxing agent B,0s.

3.1.3 Gas atomization

To produce feedstock in form of metal powder, gas atomization has emerged as a widely
used technique [200]. Figure 3.4 explains the working principle. After evacuating the
process chamber and refilling it with an inert atmosphere (e.g. high-purity argon), the
material is inductively (or resistively) molten in a crucible and then ejected through an
orifice. Gas nozzles blow inert gas jets onto the melt stream, resulting in its disintegration
into fine droplets that rapidly solidify to form the powder particles. To produce feedstock
for additive manufacturing purposes, close-coupled atomizers are often used [201]. This
type of atomizer places the gas nozzles very close to the orifice, hence maximizing the gas
velocity and the corresponding shear effects. Ultimately this allows for comparably small

particles of 50 um and below, which is often preferable for AM processes. Such small
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particle sizes furthermore imply fast cooling rates, and hence, close-coupled atomization

often results in fully amorphous powder feedstocks [23,33,202].

Powder atomization of the Zrs9.3Cuzs8Al104Nb1s material used in Paper IV was done by
Heraeus AMLOY. The Cu47Tiz4Zr11Nis alloy (Vit101) and its derivates from Paper V as well
as the Nie2Nbss from Paper VI were atomized at the IWT Bremen. These atomization
processes are described and evaluated in detail in the respective publications by E. Soares

etal.[23,33].
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Figure 3.4: A schematic illustration of a gas atomization process under inert atmosphere. The feedstock
is molten in a crucible at the top of the process chamber and then ejected through an orifice. Inert gas
jets disintegrate the melt stream into small droplets that solidify rapidly on their way towards the
bottom of the chamber.
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3.2 Conventional casting of metallic glasses

Conventional casting routes aim to vitrify the high temperature liquid by bringing it into
contact with cooler surfaces of any kind, e.g. a water-cooled crucible. These methods are

among the oldest and most used approaches to create metallic glasses.

3.2.1 Melt spinning

Melt spinning is one of the oldest techniques for rapid solidification and the synthesis of
metallic glasses [203,204]. Figure 3.5 illustrates the specific setup that was used to create
the Pta25Cu27NiosP21 ribbons measured in the Papers Il and III. The process chamber is
evacuated before the inductively alloyed and fluxed feedstock material is molten in a
quartz crucible. Through injecting high-purity argon, the melt is ejected through a small
orifice at the bottom of the crucible. The melt stream is directed to a fast rotating copper
wheel. At its surface, the melt is sheared apart and forms a rapidly solidified amorphous

ribbon of roughly 20 pm thickness and a width of some millimeters.

quartz crucible,
melt inside,

induction coil
=) vVacuum pump

Jl— inert gas
\‘

injection
orifice

formed
ribbons

rotating
copper wheel

Figure 3.5: The melt spinning process schematically illustrated. Feedstock material is molten in a
quartz crucible under vacuum and then ejected through a orifice by applying pressure through high
purity argon injection. The melt hits a rotating copper wheel, is sheared apart and solidifies rapidly

into amorphous ribbons.
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With melt spinning, extremely high cooling rates of up to 10® K/s can be achieved.
Therefore, it can be used to vitrify even bad glass formers and usually creates glasses with

very high fictive temperatures (see Chapter 2.4.3).

3.2.2 Suction casting

Bulk metallic glass formers with advanced glass forming ability can vitrify in larger
dimensions. Here, suction casting comes into play as a valid process route to cast BMGs in
e.g. rod, plate, or paddle geometry. Figure 3.6 illustrates that the process is based on the
arc melting procedure described in Chapter 3.1.1. After melting an appropriate amount of
previously alloyed feedstock material, the melt is sucked into a water-cooled copper mold
to form a rapidly solidified amorphous sample in the desired shape and dimension. In the
Papers 1V, V, and VI, suction casting is used to produce all the as-cast samples that serve
as references for the evaluation of their additively formed counterparts, namely the
Zrs93Cuzs8Ali04Nb1s alloy in Paper 1V, the Cus7TissZr11Nis alloy and its derivates in

Paper V as well as the Nis2Nbss in Paper VI.

arc control
vision panel —

=) VacUUM pump
tungsten tip

4= inert gas

are backfilling

o molten alloy
titanium getter

copper plate

water cooling
system

mold cavity

l apply suction to cast

Figure 3.6: During suction casting, feedstock material is molten by an electric arc under inert gas
atmosphere and then sucked into a water cooled copper mold to form a metallic glass with a specific

shape.
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3.2.3 Tilt casting

Tilt casting combines the gentle approach of induction melting with a cast process that is
not based on an applied suction force but on gravity, as shown in Figure 3.7. The material
is molten under a high-purity argon atmosphere and then poured into a water-cooled
copper crucible through a tilt movement of the whole process chamber. This setup bears
the advantage that the alloying, i.e. the feedstock production, and the final casting into an
amorphous sample can be performed in one step. Yet, the process features inherent
drawbacks in comparison to suction casting, which can be identified in the decreased
form filling effectiveness and the higher tendency for sample contamination due to
possible crucible reactions and the absence of a getter. In the present work, the

amorphous Au49Ags.sPd2.3Cu26.9Si16.3 alloy from Paper I was produced using this method.

tilt to cast

crucible, copper mold,
melt inside water cooling
: . p =) vacuuM pum
induction coil system pump

— -
4= nert gas
\ backfilling

Figure 3.7: In the tilt casting process, the material is inductively heated under inert atmosphere and

then poured into a water-cooled copper mold to form an amorphous specimen.

3.3 Additive manufacturing of metallic glasses

Additive manufacturing, also known as 3D printing, has drawn growing interest in recent
years. As the name suggests, the basic principle is found in a step-wise build-up of the
part. While filament-based 3D printing approaches are widely used for polymers, metals
are often processed via powder bed methods. Thereby, layers of powder feedstock are
locally compacted through melting and subsequent solidification via a concentrated
energy input, which can be realized through e.g. an electron beam or also through a laser

beam, as it is the focus in this work. It shall be mentioned that there exists an abundance
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of different nomenclatures and abbreviations around this process. An often found
notation is ‘selective laser melting’ (SLM), while the present publications rather use the
more specific term ‘laser powder bed fusion of metals’, which can be abbreviated as LPBF,

or more recently as PBF-LB/M (powder bed fusion - laser-based /metals).

3.3.1 Laser powder bed fusion of metals

Figure 3.8 schematically illustrates the PBF-LB/M process, which is usually performed
under a controlled high-purity inert atmosphere in case of BMG processing. A recoater
applies a thin powder feedstock layer on a substrate platform (build plate) with a typical
layer thickness ds of roughly 20-50 um. A focused laser beam then scans over the regions
of the powder bed that shall be compacted, creating a highly localized melt pool (about
70-200 pum in diameter, depending on the device and used process parameters [35,37])
at the respective position of the laser spot. Around the melt pool, we can further observe
a region of increased temperature, a so-called heat-affected zone (HAZ). Due to the fast
scan velocity v (usually more than 1000 mm/s), the once molten material cools and
solidifies rapidly with rates of up to 100 K/s [205]. Subsequently, the build plate is
lowered by ds, a second layer of powder feedstock is applied and the laser melting process
starts again. This cycle is repeated until the desired part is completely formed layer by

layer.

laser
beam

.

scan velocity v

powder bed

Figure 3.8: A schematic illustration of the PBF-LB/M process. The laser beam moves with a scan
velocity v over the powder bed and melts the particles. The consolidated material cools rapidly to form
a respective layer of the AM-formed part of thickness ds. The process is repeated layer by layer until

the desired part is created.
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PBF-LB/M allows to create complex shapes that would be impossible to cast. The layer-
wise, highly localized melting furthermore decouples part size and achievable cooling
rate. Hence, the size limitations for amorphous parts that apply for casting processes
(speaking of the critical diameter) can be overcome with this method. Yet, an optimal

choice of process parameters is crucial, as discussed in the following.

3.3.2 Processing parameters and the volume energy density

To achieve highly robust AM-formed BMG parts, porosity must be minimized (hence, a
high relative density must be reached) while also achieving full amorphicity. Reaching this
goal is a question of the interplay between various process parameters like the laser
power P, the scan velocity v, the layer thickness ds, and the hatch distance h, which
describes the distance between neighboring melt tracks. A well-established parameter
that combines these aspects to describe the overall thermal energy input is the volume

energy density Ev:

P

Bv=van

(3.1)

Naturally, a too low Ev will lead to insufficient melting of the powder particles and the
resulting AM-formed part will lack compaction due to irregularly shaped porosity. This
defect type is known as lack of fusion (LOF). Rising Ev can decrease the LOF porosity and
increase the relative density, yet this measure can also bear the issue of beginning
crystallization. The TTT in Figure 3.9 illustrates two (simplified) thermal histories at a
given position in the AM-formed part, which result from PBF-LB/M processing with two
volume energy densities Ev,1 and Ev;2, with Ev,1<Ev,2. We see that the liquid in the melt pool
initially cools quickly. Despite the fact that the melt pool formed with Ev2 (red dotted line)
cools somewhat slower that the one formed with the lower Ev,1 (green dashed line), both
thermal paths avoid crossing the crystallization nose and lead to vitrification. Yet, we see
that there exists a kind of cyclic, abating reheating effect that can be addressed to the
influence of the HAZ formed due to melting in adjacent regions (e.g. neighboring melt
tracks or melting in upper layers). While the overall energy input in case of Ev,1 is still low
enough to prohibit crystallization, the process conducted with Ev2 ultimately crosses the
crystallization nose and creates a partially crystalline specimen. Hence, there usually

exists an alloy-specific Ev range that balances the issues of LOF and crystallization and
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allows for AM-formed parts with optimized technological (mechanical) properties
[4,17,206-209]. The present Papers V and VI will demonstrate such process parameter
optimization attempts on hand of the Cus47Ti34Zr11Nis alloy and its derivates as well as the
Nis2Nbssg alloy. The respective parameter optimization studies for Zrso.3CuzssAl104Nb1s

that create the foundation Paper IV can be found in its direct predecessor publications

[8,17].
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Figure 3.9: Comparing two (simplified) thermal pathways during PBF-LB/M processing with different
volume energy densities Ev1<Ev> (green dashed and red dotted lines, respectively). The initial cooling
of the melt pool is fast enough to ensure vitrification for both pathways. Yet, the influence of the HAZ

causes a cyclic reheating, which causes partial crystallization in case of the processing with Ey .

3.4 Thermoplastic forming

In Chapter 2.8.3 it is explained that metallic glasses can show superplasticity at
temperatures near the thermal glass transition, and this naturally also holds true when
heating directly into the supercooled liquid state. Originally known from thermoplastic

polymers [210], thermoplastic forming (TPF) capitalizes on the superplasticity effect to
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reshape and restructure amorphous metals into new geometries [65,66,211]. Figure 3.10
illustrates a possible TPF setup and explains the thermal protocol on hand of a TTT

diagram.

template

- TI -
[~ initial ex-situ
*. amorphization )
' JMAK fit
’ x=0.01

Ttrans(Tg,kin)

Figure 3.10: A graphical scheme of a TPF process in combination with a TTT diagram that clarifies the
corresponding thermal protocol. In the first step, an ex-situ produced amorphous sample is placed
between two pistons and heated into the SCL state. In the second step, the sample is pressed between
the pistons to adapt the shape of a respective template while being held at an isothermal. In the third
and last step, the sample is cooled back into the glass to avoid crystallization.
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A fully amorphous specimen is heated into the supercooled liquid state (step 1). The
actual thermoplastic forming is then conducted during an isotherm (step 2) by applying a
mechanical load that shears and presses the supercooled liquid to adapt the shape of the
respectively given template form (which is a simple serrated structure that imprints the
part’s surface in the present depiction). Finally, the material is quickly cooled back into
the glass (step 3) to preserve full amorphicity, leaving us with a thermoplastically
reshaped BMG part. TPF usually operates at temperatures distinctly below the
crystallization nose, where the sluggish, growth-controlled crystallization kinetics allow
for a certain processing time. Typically, such processing windows can reach from some
seconds up to a few minutes, depending on the chosen temperature and of course the

thermal stability of the respectively used alloy [211,212].

3.4.1 Thermoplastic forming of powder feedstock

In theory, TPF processing could be a viable route to overcome the size and geometry
limitations of conventional casting. The basic idea would be to produce amorphous
powder feedstock and then use TPF to compact it into dense parts with dimensions
beyond the alloy’s critical diameter. Initial studies with mm-sized pellets of a Pt-based
alloy prove the principal feasibility of such a TPF compaction [65,213]. Yet, Bochtler et al.
[211] showed on hand of the Zrs93Cuz2s.8Al104Nb1.5 alloy that while powder consolidation
into highly dense parts is possible via TPF, the achievable material strength is insufficient.
Figure 3.11 indicates the reason for this issue: Due to the particle’s surface oxide layers
and the high viscosity at the comparably low process temperature, the powder particles
cannot merge completely. Irregularly shaped porosity and the particle interfaces remain
as internal stress risers, causing premature, intergranular fracture under stresses of only
a third of the material’s actual yield strength. Similar results were shown e.g. by Ciftci et
al. [214]. Hence, PBF-LB/M remains as the only well-established processing route to

create metallic glass samples with sizes beyond the critical diameter.
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Figure 3.11: SEM images of the fracture surface (after beam bending) of an amorphous
Zrs93Cuzg8Al10.4Nb1 s part that was TPF-consolidated from powder material. The granular structure of
the initial powder particles is clearly visible. The lower, zoomed-in image shows that the edges of the
particle surfaces were not completely connected to the other particles, resulting in irregularly shaped
pores that act as stress-risers and cause premature failure under mechanical loads. Taken from [211].

3.4.2 TPF post-processing of cast and additively formed parts

TPF processing has been demonstrated in various studies to be a powerful tool for
reshaping and imprinting cast metallic glasses. Due to the absence of crystalline grain
structures, metallic glass formers can replicate structures even on sub-micrometer length
scales [65,215], as illustrated in Figure 3.12. Furthermore, blow molding was successfully
applied for metallic glass formers [216,217], a procedure that is probably best known
from the industrial production of PET water bottles. Nevertheless, TPF processing of
BMGs remains challenged by embrittlement problems that can stem from partial
crystallization or from a very structurally relaxed glassy state [215,218,219]. In Paper 1V,
it will be shown for the first time that PBF-LB/M-formed BMGs, in this case the well-

established Zrs9.3Cu28.8Al104Nb1.5 alloy, can be successfully postprocessed via TPF, too.
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Figure 3.12: SEM images of a Pt-based metallic glass former (lower image) that replicates the fine, sub-
micrometer structures of a silicon mold (upper image) after TPF processing. Taken from [65].
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4. CHARACTERIZATION

All analyzing and characterizing techniques used in this work will be introduced in the
following. Chapter 4.1 explains all Calorimetry methods and foundations, while Chapter
4.2 will do the same in terms of Rheology. The large topic of X-ray diffraction is introduced
in Chapter 4.3. The Chapters 4.4 and 4.5 will then briefly explain the Microscopy and
Mechanical testing approaches used. At the end of each chapter, a section named
‘Experimental details’ is attached to clarify specific measurement conditions and in which

context the respective technique was used.

4.1 Calorimetry

The term calorimetry describes a subfield of thermal analysis that focuses on the
detection of heat flows, usually as a function of temperature or time. More specifically, the
present work utilizes differential calorimetric methods that quantify the heat flows in or
from the measured sample in relation to a reference [220]. Here, we differentiate between
the methods of differential thermal analysis and differential scanning calorimetry. These
methods and their specific subtypes will be explained in the next chapter, followed by an

introduction of the different measurement types used in this work.

4.1.1 Types of differential calorimeters

In differential thermal analysis (DTA), the measurement setup consists of a furnace in
which two symmetrical holders allow to position pans (also termed crucibles) of
standardized weight, heat capacity, and material (aluminum, Al203, graphite, etc.). Figure
4.1 illustrates the principle. On the so-called sample side, the sample that shall be
characterized is placed within the pan, the other pan on the reference side remains empty.
Due to the symmetrical build and the standardized pans, it can be well-assumed that
sample and reference side only differ through the presence of the sample. The
temperatures on both sides are monitored by thermocouples and naturally follow the
thermal changes of the furnace, e.g. upon heating at a constant rate. Under steady state
conditions, the temperature on the sample side, Ts, lags behind the reference side
temperature Tr due to the additional thermal mass of the sample, and a difference AT can

be detected as [220]
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Any exothermic or endothermic thermal event occurring in the sample, e.g. a glass
transition, or phase transitions like crystallization or melting, will provoke a respective
increase or decrease in AT. Hence, AT is an indirect measure for the difference in heat flow
HF between sample and reference side. Using a calibration factor K, HF can be calculated

according to [220]

aqQ
_9% _ _ _ 4.2
HF o K AT (4.2)

K depends on manifold experimental factors, like the temperature, the applied rate of
temperature change, or the thermal resistance of the setup. The overall robust
construction of a DTA allows for a broad application range, especially for high
temperatures beyond 2000 K. Yet, this comes with the drawback of a relatively high
thermal resistance. Hence, the accuracy and sensitivity of a DTA is limited, in particular

under faster heating and cooling rates.

sample side: reference side:
pan and sample empty pan

furnace furnace
thermocouples

® AT =T, -Tg °

Figure 4.1: A schematic illustration of a DTA. The temperature difference between sample and
reference side, AT, is detected through thermocouples and allows to calculate the differential heat flow

HF in or from the sample.
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This issue is addressed by heat flux differential scanning calorimetry (DSC), which can be
seen as an enhanced derivative of the DTA. Figure 4.2 illustrates such a device built in the
flux plate type setup. The measurement principle is the same as for the DTA, but the
thermal resistance is massively decreased through a ‘thermal bridge’, the flux plate, that
connects furnace, sample, and reference side and establishes a fast heat transfer. This
allows for improved sensitivity and accuracy, especially under fast temperature changes.

In exchange, a heat flux DSC often cannot reach the high temperatures achievable by DTA.

sample side: reference side:
pan and sample empty pan

Ts

@ flux plate

furnace furnace
thermocouples

& AT=T,-T o

Figure 4.2: A scheme of a heat flux DSC setup. The working principle is similar to a DTA, but here,
sample and reference side are connected through a flux plate, creating a much faster heat transfer and
reducing the thermal resistance accordingly.

A different approach is found in a power compensated DSC, which is sketched in Figure
4.3. The sample and reference side consist of two identical furnaces with thermocouples,
both isolated from each other. The furnaces are subject of the same time-temperature
program, e.g. a heating scan. Instead of passively tracking the temperature difference, the
device actively regulates the heating power P of both resistive furnaces in order to
minimize the thermal offset, which is known as the ‘null principle’ (AT=0). The
measurement signal of a power compensated DSC is therefore the power difference AP

[220]:
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Endothermic thermal events in the sample will necessitate a higher heating power Ps to
meet the null principle, while exothermic events will decrease it. AP is almost identical to
HF, but a calibration factor K’ can accommodate for effects of higher order like e.g. small

asymmetries between the furnaces or slight heat flow leaks of the setup [220]:

HF = —K' AP. (4.4)

sample side: reference side:
pan and sample empty pan

isolation (water cooled)

Ts TR

M [
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furnace furnace
® ®

thermocouples

. AT=TS—TR=0 ®

Figure 4.3: Schematical build of a powder compensated DSC. Sample and reference side are isolated
from each other and heated separately. Occurring temperature differences are regulated towards zero
(null principle) through a difference in heating power AP, which is approximately identical to the
differential heat flow HF in or from the sample.

A special case of a power compensated DSC is the so-called fast scanning calorimeter
(FSC). These chip-based devices allow for measurements under extremely fast
temperature changes, which is achieved through a massive size reduction of the sample
and the calorimeter itself [221-225]. The first commercially available FSC with a
differential setup, hence being termed fast differential scanning calorimeter (FDSC), was

introduced by Mettler-Toledo in 2010 in form of the FDSC1. The device allows for
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temperature change rates beyond 104 K/s [226]. Its successor, the FDSC2+ allows to reach
temperatures of up to 1273 K and further increases the achievable rates through an even
smaller design of the chip calorimeter. Figure 4.4a) shows a microscopic image of the
sample and reference side of the high-temperature UFH chip of the FDSC2+. The active
areas (black circles) have a diameter of about 85 um [32]. On the sample side, we see a

specimen with a typical mass in the ug or even ng range, which was placed by using a

manipulator device in form of a hair tip.

sample side ’

L S
ribbon sample ribbon sample
before melting after melting

reference side ’

active area

Figure 4.4: Sample and reference side of the high-temperature UFH chip of the Mettler-Toledo FDSC2+.
In a), a fresh ribbon sample is placed on the active area of the sample side. On the reference side, the
active area (ca. 85 pum in diameter) is exemplarily marked by a white circle. In b), the sample has been
molten. It has changed to a (half-)spherical shape and formed a solid connection to the chip that allows
for fast heat transfer.

Conventional DTAs and DSCs, see above, usually necessitate a new sample for each
measurement, since a once crystallized metallic glass former cannot be quenched into the

glass again since these devices usually lack the possibility to apply cooling rates faster

than the critical cooling rate. The FDSC follows a different approach. Here, the sample is
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purposely molten on the chip, see Figure 4.4b), to form a direct and solid connection that
results in a fast heat transfer and a respectively low thermal resistance. From this point
on, crystallization stops to be a limiting issue since the glassy state can be easily
reestablished by quenching the stable equilibrium melt at rates faster than the Rc. This
allows to obtain large and consistent data sets through manifold measurement runs with
one and the same sample. The fast rates of the FDSC furthermore institute experimental
approaches that were completely unthinkable with conventional DSCs, as will be shown

in the following chapters.

4.1.2 Temperature scanning measurements

Temperature scanning measurements are among the most common experimental
procedures applied with DTA and DSC devices. Thereby, the temperature is raised at a
constant rate gn (e.g. 0.333 K/s or 1K/s) in order to determine the characteristic

temperatures and enthalpies of the investigated metallic glass former.

Figure 4.5a) illustrates a typical thermogram of a BMG sample measured with such a
temperature scan. Like in all thermograms of this work and all included publications, the
‘endo. up’ convention is used, i.e., endothermal heat flows head in the positive direction.
We now recapitulate from Eq. (4.2) that HF=dQ/dt and furthermore, that under isobaric
conditions, a system’s change in heat dQ equals its change in enthalpy dH. Hence, the
integral over HF (qualitatively) corresponds to the system’s enthalpic state. Accordingly,
Figure 4.5b) shows a schematic enthalpy trace of the measured BMG sample, as discussed

in the following.

When the sample is heated to temperatures in vicinity of the kinetic glass transition, it
may start to relax towards the equilibrium SCL state. Thereby, the glass lowers its
enthalpy through an exothermal effect visible in the HF signal, which is referred to as
‘enthalpy relaxation’ or ‘undershooting’ [227]. With Chapter 2.4.3 in mind, enthalpy
relaxation can be understood as an aging process occurring under non-isothermal
conditions. Further heating leads to the actual kinetic glass transition event, which
manifests as a sigmoidal-like rise of the HF to reach the SCL level. Thereby, the end of the
glass transition can be accompanied by a distinct endothermal effect, the so-called
‘enthalpy recovery’ or ‘overshooting’ [227]. Here, the system absorbs additional enthalpy

to fully establish the equilibrium and reach the SCL enthalpy trendline, see Figure 4.5b).
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Enthalpy relaxation and recovery are highly dependent on the experimental conditions
and the thermal history of the glass, more specifically, on the interplay between the
cooling rate qc during vitrification and the applied heating rate qn of the temperature scan
experiment. If the initial glass shows a high fictive temperature due to being vitrified
under a high qc (distinctly faster than gn of the temperature scan measurement), then we
will observe excessive enthalpy relaxation. Here, the rather slow experimental timeframe
provides enough time for the highly unstable glass to relax and enthalpically ‘undershoot’
directly below Tg. In contrast, if the initial glass is already quite relaxed with a low fictive
temperature, e.g. due to a slow qc during vitrification (slower than the gn of the
experiment), we will observe pronounced enthalpy recovery. Here, the timeframe of the
experiment is too fast for the glass to adapt to the SCL enthalpy trendline directly, the
relaxed glass ‘overshoots’ and needs to consume additional enthalpy to equilibrate. We
will later see in Chapter 4.1.4 that these kinetic effects can be minimized through a so-
called standard treatment, in which the glass is established with the same rate with which
the heating scan is conducted, qc=qn. Upon further heating, the supercooled liquid state is
abruptly terminated by the exothermal crystallization event, which lowers the system’s
enthalpy on the much lower crystalline level, see Figure 4.5b). Ultimately, the crystalline
state transforms back into the liquid at even higher temperatures via the highly
exothermal melting process. To quantify the temperatures that are associated with these
events, the tangent construction method is a widely used evaluation standard. The red
dotted lines in Figure 4.5a) illustrate the determination of the onset and end of the glass
transition, Tgons and Tgend, the onset of crystallization Tx, as well as the lower and upper
threshold of the melting event, i.e. the melting temperature Tm and the liquidus
temperature Ti. The length of the supercooled liquid region, ATx=Tx-Tgons, is a robust
measure for the alloy’s thermal stability upon heating. The associated enthalpies, namely
the relaxation and recovery enthalpies AHrel and AHrec, the crystallization enthalpy AHx,
and the enthalpy of melting AHm are determined by integration, as marked by the dark
gray areas. These characteristic enthalpies are furthermore indicated in the enthalpy

trace in Figure 4.5b).

Experimental details - Temperature scans are part of every paper of this work. For the

specific experimental details, please see the respective description in these publications.
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Figure 4.5: In a), the thermogram of a schematic DSC heating scan of a BMG sample is illustrated.
Characteristic events are indicated, the associated temperatures are determined through tangent
methods. Characteristic enthalpies are obtained through integration over the respective HF signals. In
b), the enthalpy curves of the crystalline and liquid state are drawn. The black curve sketches the
enthalpic trace of the DSC scan shown in a). Gray arrows and light gray backgrounds further indicate

the determined characteristic enthalpies.

4.1.3 Determining the dynamic glass transition

As described in Chapter 2.3, probing the dynamic glass transition requires an
experimental stimulus to provoke a respective response of the measured material while
still fulfilling the linear response criterium. In terms of calorimetry, this can be achieved
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through temperature modulation, which was firstly demonstrated in 1971 by Gobrecht et
al. [228]. This term refers to a periodic temperature alternation pattern that is
superimposed onto another temperature program, e.g. a temperature scan or sometimes
on an isotherm. Respective experimental approaches can be generally subsumed under
the term modulated DSC (MDSC) [229-232]. In the present work, we apply two different
experimental approaches. The first one is the subject of Paper 1 [1], namely a conventional
MDSC procedure [229,230] (further referred to as ‘MDSC’) using a heat flux DSC and the
reversing/non-reversing analysis scheme. The second one will be a FDSC-based approach,
further termed the ‘step response method’ [233,234], which furthermore interprets the

material’s heat capacity as a complex property to analyze the data.

The MDSC procedure using a conventional heat flux DSC applies a simple sinusoidal
modulation. In this case, the time-temperature program T(t) of a modulated temperature

scan would be

T(t) = Tstqre + qt + Arsin(w t) (4.5)

and the time-dependent rate q(t) results from dT(t)/dt as

q(t) = qo + Ay wcos(w t). (4.6)

Tstart describes the start temperature of the measurement, qo is the constant rate of the
underlying temperature scan. The sinus-bearing summand describes the modulation with
the temperature amplitude Ar and the angular frequency w=2nf=2n/P (f being the
frequency and P being the period of modulation). Figure 4.6a) illustrates the time-
temperature program of an exemplary MDSC heating scan. The inset graphically
highlights the parameters qo, P, and Ar. Naturally, the measured BMG sample responds
with a raw signal in form of a sinusoidally modulated heat flow HFmod(t), see Figure 4.6b).
HFmod transports information about the kinetic glass transition, which is dependent on
the underlying rate qo, but also about the frequency-dependent dynamic glass transition,
which is determined by the applied modulation period P. To separate these effects, HFmod
is analyzed via a Fourier transformation over a sliding time window (in the size of P) in
order to determine its amplitude Anr and its average value. The latter provides us with
the total heat flow HFtwot [232]. HF ot is basically the signal one would expect from a non-

modulated temperature scan at the rate qo. Hence, the HFtot curve in Figure 4.6b) shows
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the typical, rate-dependent appearance of the kinetic glass transition upon heating. In

contrast, Aur provides knowledge about the dynamics.

T(t)

- |_”:mod

\, d , W '!“ HIHH HH

t

Figure 4.6: a) A modulated time-temperature program of an exemplary MDSC heating scan on a
metallic glass former. The inset further provides a zoomed-in representation and clarifies the meaning
of the parameters qo, P, and At. b) The modulation provokes a modulated heat flow response HF yod(t).
The total heat flow HF(t) shows a Kinetic glass transition event, which is further emphasized in its
‘kinetic’ component, the non-reversing heat flow HFuon-rev(t). The reversing heat flow HF;ey(t)
corresponds to the ‘dynamic’ component of HF(t) and shows a dynamic glass transition event at
higher temperatures in form of a sigmoidal-like rise.

Recalling the Deborah number concept, De, from Equation (2.20), the period P determines
the experimental time of the modulation as texp=1/w=P/2n. When approaching Tgdyn, i.e.

when De=t/texp approaches unity, o-relaxation processes can occur within one
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modulation timespan and Awr rises accordingly. Hence, Aur allows to calculate the so-

called reversing heat flow HFrev as [232]

Apr
Ar w’

HF., () = do (4.7)

HFrev can be understood as the contribution of HFtwt that is detectable in the ‘reversing’
modulation component. Therefore, HFwt can be written as a sum of HFrev and its

counterpart, the non-reversing heat flow HFnon-rev as [232]

HFyot(t) = HEq¢(t) + HFon—rev (1) (4.8)

By comparing HFrev and HFnon-rev in Figure 4.6b), we see that HFrev shows the typical signal
of a dynamic glass transition, namely a sigmoidal-like rise that reflects the rising
amplitude of HFmod, Anr. It shall be mentioned that Tgdyn is located in the thermally
equilibrated SCL state, hence, Tgkin has already occurred thanks to the slow underlying
heating rate qo. The kinetic features of Tgkin, like the undershooting and, more clearly
visible in Figure 4.6b), the overshooting, are then pronounced in the remaining non-
reversing part of HFwt. Therefore, HFrev and HFnon-rev are often referred to as the dynamic
and kinetic components of the heat flow. However, this distinction should not be

overinterpreted, as discussed in [232].

Figure 4.7 shows the HFrev(T) curves of several modulated temperature scans with
various applied modulation periods (the temperature corresponds to the underlying scan
at the rate qo). We see that Tgdyn shifts with changing period due to the Deborah number
criterium for the dynamic glass transition, tw=1, see Chapter 2.3.3. Hence, changing P
(and therefore w) allows to determine the temperature dependence of T, i.e., the fragility
of the liquid. Furthermore, Figure 4.7 illustrates the procedure of determining Tgdyn. The
sigmoidal rise in HFrev(T) forms a peak in the derivative dHFrev(T)/dT (gray curve). Fitting
this signal with a peak function allows to determine the maximum value, which marks the
inflection point of HFrev(T) and provides a solid and often used criterium to define the
temperature value of Tgdyn that corresponds to the applied angular frequency w. From the
Deborah number concept in Equation (2.20) then follows that at Tgdyn(w), the relaxation

time t equals the inverse angular frequency w according to

1 1
T (Tg,dyn(w)) = ﬁ = Z (49)
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Figure 4.7: HFev(T) for several MDSC heating scans on a BMG with different modulation periods
applied (P is the longest period, Ps is the shortest). The temperature T thereby corresponds to the
underlying rate qo. The dynamic glass transition is determined as the inflection point of each curve by
fitting the maximum of dHFev(T)/dT. Naturally, Tgayn shifts with the applied modulation period,
reflecting the fragility of the SCL.

The just introduced MDSC procedure is relatively easy to handle mathematically, since it
operates with a harmonic oscillation. This means that modulation and system response
(mostly) follow a sinus function characterized through a single frequency. However,
temperature modulation can also be brought in by a non-sinusoidal, hence, non-harmonic
stimulus, e.g. in form of a sawtooth-shaped modulation, which provokes a respective non-
harmonic response. Fourier analysis allows to describe these non-harmonic signals as the
sum of various sinusoidal functions with different frequencies and amplitudes. The step
response analysis method utilizes such an approach to determine dynamics over a broad
timescale spectrum from a single measurement. Originally applied with conventional DSC
[235], step response analysis has proven as a vital tool to combine the opportunities of
modulated experiments with the capabilities of the emerging FDSC technology
[32,233,234,236]. The basic principle is to scan the temperature range of interest through
an asymmetrical sawtooth-shaped time-temperature program, consisting of small but fast
temperature steps that alternate with isothermal segments. Figure 4.8a) illustrates a

single step-isotherm sequence, which is part of a larger cooling program that scans
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through the SCL and the kinetic glass transition. The fast cooling step induces a
corresponding exothermal spike in the heat flow (gray curve), which decays over the
course of the isotherm. Fourier analysis of this heat flow signal HF(t) and the temperature

change rate q(t)=dT/dt then allows to determine the complex heat capacity c;(w)
cp(w) = cp(w) +i ¢y (w) (4.10)

for each isothermal temperature according to

r=1 HF (t;) cos(w ty) — i X p=1 HF (t}) sin(w ty)
=1 q(ty) cos(w t) — i Yp_q q(ty) sin(w ty)

cp(w) = (4.11)

Here, cp(w) and cj(w) refer to the real (or storage) and the imaginary (or loss)
component of the heat capacity. The index k identifies each data point of the respective
step-isotherm segment. From this, the reversing heat capacity cprev(w) can be calculated

as the modulus of c;(w) according to [236]

Cprev(®) = \/c{,(w)z + ¢ (w)2. (4.12)

The slowest modulation that can be evaluated is the so-called base harmonic. It is
determined by the duration of the isotherm, indicated by the gray background in Figure
4.8a), which equals to its base period P1 and defines the base frequency fi=1/P1=w1/2m
[235]. Higher frequencies are termed higher harmonics and constitute as integer
multiples of fo. Figure 4.8a) illustrates this by exemplarily marking the periods of fi1, f3=3f1,
and f7=7f1. The respectively colored points and the gray background in Figure 4.8b)
illustrate the (normalized) cprev(w) results for the three frequencies that are indicated in
the single step-isotherm segment in Figure 4.8a). The entirety of step-isotherm segments
in the step-wise scan procedure finally allows to establish the temperature-dependent
curves for each harmonic, illustrated by the respectively colored lines. Again, we see that
Tgdyn manifests as a frequency-dependent sigmoidal event. The corresponding
temperature values are determined at the inflection point by using the derivative

dcprev/dT, as described above.
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Figure 4.8: a) A part of the time-temperature program of a FDSC step response measurement. A single
step-isotherm segment at the temperature T’ is centered, the isothermal segment is highlighted by
gray background. The blue arrow indicates the base harmonic with a period P; that equals the duration
of the isotherm. The periods of two higher harmonics, Pz and P7, are also shown. In b), the temperature-
dependent cprev curves (normalized to the SCL state value) for these three harmonics are shown.
Colored circles and the gray background highlight the data that stems from a). The dashed curves show
the peak fits of the (normalized) derivative dcprev/dT, their maxima determine the dynamic glass

transition for each harmonic.

Experimental details - The detailed experimental conditions and parameters of the

conventional MDSC measurements shown in this work are explained in Paper 1.
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The step response measurements are performed with a Mettler-Toledo FDSC2+ to
characterize the fragility of the Pts25Cu27NiosP21 alloy. A Huber TC100 intracooler was
used to create a sensor support temperature of 188 K during the experiments. A small
ribbon piece was placed on a UFH1 high temperature chip and melted several times to
establish a robust contact with high thermal conductivity. Prior to the step response
measurement, the alloy has been heated to a maximum temperature of 973 K, roughly
100 K over the liquidus temperature, Ti= 874 K [70]. After equilibration for 10 s, the
sample was cooled down to 593 K with 10000 K/s to bypass crystallization quickly [3].
Data acquisition started with the first loop, consisting of a 2 K cooling step followed by an
isothermal segment. In total, 110 of such loops were repeated, across the kinetic glass
transition temperature down to 373 K. Measurements were performed with two
parameter combinations, namely 200 K/s cooling rate combined with a 1.014 s long
isotherm and 2000 K/s cooling rate with a 0.1014 s long isotherm. Data acquisition rates
were 1 kHz and 10 kHz to provide exactly k=1024 data points per step-isotherm segment.
These two parameter sets allow for base frequencies of 1 Hz and 10 Hz, respectively. The
sample mass was calculated to be about 350 ng from the measured enthalpy of melting
[237,238]. All FDSC data was temperature corrected by using the melting event, as
suggested by J. Schawe [239].

4.1.4 Measuring rate-dependent fictive temperatures

As explained through the FKR relation, see Equation (2.24) in Chapter 2.4.4, the kinetic
glass transition is closely related to the dynamics of the SCL. Hence, measuring its rate
dependence can serve as a measure for the system'’s fragility. In the following, we will
discuss how to perform respective measurements with conventional DSC and FDSC

experiments.

To determine a rate-dependent Trc from a heating scan thermogram, Moynihan et al.
[240] proposed an area matching procedure, which is illustrated in Figure 4.9 on hand of
a DSC heating scan. SCL (HF2 at Tz) are defined. The Moynihan method now allows to
determine the fictive temperature of the analyzed glass through a comparison of two
integral terms. The first integral, A, describes the area between the heat flow signal HF
and the glassy baseline level HF1, spanning between T2 and T1 as indicated by the gray
background. In a first step, representative heat flow levels for the glass (HF1 at T1) and the
equilibrium The second integral, B, describes the quadrangular area between HF2 and
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HF1, spanning from T2 to Tfic as marked by the shaded region. Tric marks the temperature

at which both integrals are equal, A=B, according to
T Tric
(HF — HF,)dT = J (HF, — HF,)dT. (4.13)

T; T;

T

Figure 4.9: Moynihan area matching procedure to determine the fictive temperature from a DSC
heating scan. Area A (gray background) is determined between the measurement curve and the glassy
baseline HF1 and in the temperature region between T1 (glass) and T, (SCL). Area B (shaded) spans
between the glassy baseline HF; and the SCL baseline HF», and between T, and Tsc.. Through the
condition A=B, T is defined.

Evenson et al. [227] investigated the connection between the exact value of Trc
determined via the Moynihan method and the apparent glass transition onset Tgons upon
heating, which is defined through a simple tangent method, see
Chapter 4.1.2. They found that under the precondition that the glass was formed under
the same rate with which it was then reheated (qc=-qn), the effects of enthalpy relaxation
and recovery can be minimized and the observed Tgons upon heating equals Tsic (within
+1 K) [227]. This finding simplifies the determination of Tsc with conventional DSC
devices. It further allows for the so-called Tg-shift method, in which each sample is

subjected to a standard treatment protocol as demonstrated in Figure 4.10.
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Figure 4.10: The standard treatment protocol used for Tg-shift measurements. In a first heating scan,
the as-cast sample is brought in the SCL state to erase the thermal history of the cast process.
Afterwards, the sample is cooled back in the glass with a rate g, followed by a second heating scan
with gn=-qc. The glass transition onset of this curve then equals Trc.

After heating in the SCL state, the sample is cooled back in the glass with a rate qc and then
reheated with gnh=-qc. The glass transition onset upon heating then provides the fictive

temperature that corresponds to qc. From the temperature span of the kinetic glass

transition, ATg=Tgend-Tgons, a transition time Ttrans can be calculated according to

AT,
. (4.14)
qc

Ttrans (qc) =

Applying this methodology for various rates allows to characterize the temperature-
dependent (de-)vitrification kinetics, and hence, the fragility of the respective
supercooled liquid. Yet, applying this Tg-shift procedure with an FDSC device would come
with some drawbacks. The broad range of accessible heating rates comes hand in hand
with significant differences in the signal-to-noise ratio among the obtained curves,
thereby decreasing comparability. Also, largely different rates may come with large
temperature offsets, making extensive calibration efforts necessary [239]. Hence, the

FDSC-based Tfic measurements on the Pts25Cu27NiosP21 alloy that are presented in this
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work do not utilize the just described Tg-shift procedure but instead apply the Moynihan
method.

Experimental details - An exemplary Tg-shift procedure conducted with a conventional
power-compensated DSC on the Pts25Cu27NiosP21 alloy can be found in [70]. The data

obtained there will be used later for comparison and reference purposes.

The FDSC Tric measurements are performed using the Mettler-Toledo FDSC2+ with a
Huber TC100 intracooler that creates a sensor support temperature of 188 K. Each
measurement run started with sample equilibration in the high-temperature melt at
973 K for 10 s, followed by cooling down to a temperature of 653 K (still in the SCL state)
with 10000 K/s to evade the crystallization nose. From 653 K onwards, the sample was
cooled with various cooling rates between 1000 and 5 K/s down to 193 K to vitrify the
liquid with different fictive temperatures. In opposition to the Tg-shift procedure for
conventional DSCs, the heating scans that follow each cooling were not conducted with
gh=-qc, but with a fixed rate of 1000 K/s. This allows to consistently apply the Moynihan
method in order to determine Tric. The data analysis has been performed with the help of
the Python program VITRIFAST, which is introduced and explained in detail in [241]. The
rate-dependent transition times twrans that correspond to the different Tric values again
have been calculated according to Equation (4.14). As described in the previous chapter,
the sample mass was estimated as 350 ng and all FDSC data was temperature corrected

by using the melting event, as suggested by ]. Schawe [239].

4.1.5 Determining a TTT diagram

The isothermal TTT diagram of BMGs can be determined by bringing an amorphous
specimen to the temperature of interest Tiso and holding it for an adequate timespan to
observe the complete isothermal crystallization process. The exothermal signal is
analyzed through integration, as demonstrated in Figure 4.11a). Assuming a direct
proportionality, the crystalline fraction x can be derived from the resulting integral curve
AHx(t) according to x=AHx(t)/AHx, where AHx refers to the enthalpy change through a
completed crystallization process. Figure 4.11b) illustrates the procedure, the positions
of x=0.01, 0.50, and 0.99 are indicated. Measuring such isotherms at various temperatures
allows to determine the shape and position of the crystallization nose in the TTT diagram.

Detailed knowledge about the system’s thermodynamics and dynamics furthermore
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allows to model the obtained data with the J]MAK model, as previously explained in

Chapter 2.6.5.

m —
T
=3
T
<

t

Figure 4.11: Scheme of an isothermal TTT measurement. a) Crystallization manifests as an exothermal
event in the heat flow. b) Integration provides the crystallization enthalpy curve AHx(t), which allows
to approximate the crystalline fraction x.

Experimental details - When using a conventional DSC, two approaches are possible. As-
cast amorphous samples can be heated to the desired Tiso. Alternatively, the sample might
be equilibrated in the stable high-temperature melt before cooling down to the

measurement temperature. For both approaches, the accessible Tiso are limited through
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the achievable rates and the thermal stability of the system, since crystallization may start
before the isotherm is reached. Hence, only the slower crystallization times at the lower
and upper parts of the crystallization nose can be characterized via conventional DSC, the
tip of the nose usually remains hidden. Gross et al. [71] exemplarily demonstrated such a

conventional TTT determination on hand of the Pt42.5Cu27Ni9sP21 alloy.

These incomplete Pts25Cuz27NiosP21 TTT data can be complemented through fast scanning
calorimetry. Thanks to the possibility of ultra-fast temperature changes, isothermal FDSC
studies allow to also characterize the fast crystallization kinetics at the tip of the

crystallization nose, as demonstrated and explained in detail in Paper III [3].

4.2 Rheology

4.2.1 Viscosity measurements via thermo-mechanical analysis

Thermo-mechanical analysis (TMA) allows to measure dimensional changes of materials,
e.g. in length or in volume, that occur as a function of temperature and applied stress. In a
three-point beam bending (3PBB) setup of a thermo-mechanical analyzer as sketched in
Figure 4.12, a beam-shaped sample of height h and width w is placed on two supports
with a distance of L. By heating the setup to temperatures in vicinity of the glass transition
and loading it with a force M, we can observe a viscous deformation over time. The
resulting displacement in the center of the beam, u, is recorded. From the displacement

rate u=du/dt and the material’s density p, the viscosity 1 of the material can be calculated

as
g L3 ( 5pWhL>
— St 4.15
ne ) = (22, (4.15)
Experimental details - In the present work, equilibrium viscosity data of the

Pt42.5Cu27NiosP21 alloy from isothermal TMA experiments serves as reference for the
MDSC results in Paper [, the XPCS results in Paper II as well as the extended fragility
comparison in Chapter 6.3.3 of the discussion. The original TMA data was published in

[71], where the details of the experiment and the evaluation can be found.
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probe with load M

furnace furnace

Figure 4.12: Schematic setup of a three-point beam bending TMA measurement. The beam sample is
placed on two supports and its center is loaded with a loading force M. A furnace brings the sample to
the desired measurement temperature, at which the sample displacement u is measured as a function

of time.

4.2.2 Dynamic-mechanical analysis to determine the dynamic glass transition

Dynamic-mechanical analysis (DMA) is a thermal analysis method similar to TMA, but
with the additional option to apply a periodic mechanical modulation to the sample [242].
Hence, DMA allows to introduce a measurement stimulus with a distinct frequency, which
provokes a respective frequency-dependent material response. DMA can be therefore
used to study the dynamic glass transition, in analogy to other modulated methods like
the earlier introduced MDSC, see Chapter 4.1.3. Figure 4.13 illustrates a typical DMA setup
in tension mode. A beam-shaped sample (e.g. a cast bulk sample or a melt-spun ribbon) is
fixed between two clamps with the distance lo. One of the clamps is stationary, the other
is connected to a motor via a drivetrain, allowing to apply the mechanical stimulus. The
device used in the present work is a so-called displacement-controlled DMA. This means
that the sample length 1(t) is modulated in a harmonic sinusoidal way (analogous to the

MDSC temperature modulation) through an oscillation Al(t) according to

I(t) =1y +Al(t) =1, + Asin(w t). (4.16)

A is the modulation amplitude and w is the angular frequency. The recorded material

response is a force F(t) that opposes the length modulation as

F(t) = Fy+ S Asin(w t — ). (4.17)
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furnace furnace

drivetrain

Figure 4.13: DMA measurement setup in tension mode. A beam-shaped sample is fixed between two
clamps, one of which is connected to a motor via a drivetrain. The motor applies a specific mechanical
length modulation Al(t), which serves as the measurement stimulus. The material response in form of
the resulting opposing force F(t) is recorded. A furnace system allows to control the temperature.

Fo reflects a possibly applied preforce, which can prevent measurement artifacts like e.g.
sample buckling in case of a thin melt-spun ribbon. S is the sample stiffness and ¢
describes the phase lag between the stimulus I(t) and the material response F(t). If the
material behaves ideally elastic, F(t) is perfectly in phase with the imposed length
protocol, hence @=0. In case of (partially) viscous material behavior, ¢ is unequal to zero.
Figure 4.14a) depicts exemplary 1(t) and F(t) curves with an explicit phase shift. The
elastic and viscous components of the material response can be expressed through the

complex elastic modulus E* as

E*(w,T) =E'(w,T) +i E"(w,T). (4.18)

The storage modulus thereby reflects the elastic component and basically corresponds to
the Young’s modulus one would obtain from e.g. a stress-strain diagram. Hence, E’ can be
calculated from the stiffness value by incorporating the sample width w and thickness t

according to

=2 (4.19)
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The viscous component is reflected through the imaginary part of E*, the loss modulus E”,

which is defined through the phase lag as

E" = E' tan(¢). (4.20)

DMA measurements are often performed as isochronal temperature scans. Thereby, the
temperature is slowly scanned with a low underlying rate while a mechanical modulation
with a distinct frequency is applied. Figure 4.14b) illustrates the typical temperature

behavior of E’ and E” for a BMG measured with such a procedure.

T T
 [a)] ==

I(t)
F(t)

E"(o,T)

E"(w,T)

T

Figure 4.14: a) A typical phase lag between the length modulation I(t) and the recorded opposing force
F(t) during a DMA measurement is illustrated. b) Exemplary storage and loss module curves obtained
during an isochronal DMA temperature scan. At the dynamic glass transition, E’ shows a sudden drop

while E” forms a maximum.
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At lower temperatures in the glass, the sample behaves mainly elastic, and we observe a
high and stable level of E’ while E” remains low. The material softens when approaching
the supercooled liquid state, hence E’ shows a sharp decrease while E” increases. The
frequency-dependent dynamic glass transition manifests as a peak in E”. Here, it follows
from the Deborah number concept, see Chapter 2.3.3, that the relaxation time equals the
inverse angular frequency, as described by Equation (4.9). Performing several isochronal
DMA temperature scans with different w allows to evaluate the SCL fragility, in analogy

to the previously described MDSC procedure.

Experimental details - DMA temperature scans are performed by using a TA Instruments
Q800 device in tension mode to characterize the fragility of the Pt42.5Cu27NigsP21 system.
Beam-shaped samples (ca. 0.3x13x2.5mm3) are cut from a tilt-cast plate (ca.
50x13x2.5 mm3). A preforce Fo of 0.25 N is used, the modulation amplitude A is 2 um. The
underlying heating rate is 3 K/min, measurement frequencies f are 0.1, 0.3, 1, 3, 10, and

30 Hz.

4.3 X-ray diffraction

If monochromatic electromagnetic radiation interacts with structures roughly in the size
of the radiation’s wavelength 2, diffraction can occur. This phenomenon is based on the
wave-character of the radiation, which can, under certain conditions, lead to constructive
or destructive interference among scattered waves, which is observed through distinct
maxima in the intensity of the scattered radiation at certain angles. Due to their small
wavelength, X-rays can only be diffracted by small structures on the nm or A length scale,
hence, X-ray diffraction (XRD) is a widely applied method to study atomic structures. A
very fundamental model to describe XRD for crystalline structures was provided by W. H.
Bragg [243]. His famous Bragg law is derived from the Huygens principle and provides a
criterium for constructive interference of X-rays (i.e. Bragg peaks) that scatter at a

crystalline lattice in the form of

2dsin(f) =nA. (4.21)

Thereby, d describes the lattice parameter, 0 is the Bragg angle (which equals 90° minus
the incidence angle), and n is the order of the maximum. Here, we can already notice an

important characteristic of diffraction that will constitute a leitmotiv in the whole chapter:
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structure size, here reflected through d, behaves inversely to the Bragg angle. In other
words, the smaller the structure, the larger the angle under which constructive

interference can be expected.

After briefly discussing the differences between conventional laboratory-scale X-ray
sources on the one hand and highly sophisticated synchrotron radiation sources on the
other, we will take a closer look at the theory and practice behind X-ray diffraction studies
with incoherent radiation. Finally, we will concentrate on the topic of X-ray photon

correlation spectroscopy, which requires coherent radiation.

4.3.1 Creating X-rays for diffraction studies

On a laboratory scale, X-rays are usually produced through X-ray tubes. The working
principle is based on the thermionic effect. Under high vacuum, a cathode is heated to
create free electrons through emission, which are then accelerated towards an anode
made of a specific element. The electron bombardment then creates X-rays with a broad
spectrum of wavelengths from the Bremsstrahlung effect but also X-rays with
characteristic wavelengths. The latter are formed when an incoming electron collides
with a bonded electron from an inner atomic shell, thereby ejecting it from the atom. An
electron from a higher shell then captures the vacant energy level and the corresponding
energy difference is emitted in form of a photon with an element-specific energy, hence
the term characteristic X-rays. For most XRD applications, copper is used as an anode

material, which provides a characteristic K« radiation of 1.544 A (8.03 keV).

Electron synchrotrons are large-scale research facilities that take X-ray creation to a
completely new level in terms of experimental efforts and setup size. Figure 4.15 depicts
the working principle of a synchrotron schematically. In a storage ring, often several
hundreds of meters in diameter, electrons are accelerated to velocities near the speed of
light and held on a circular path through complex installations of focusing and bending
magnets. So-called undulators force the electrons to perform sharp directional changes
through series of alternatingly polarized magnets, and these accelerations create highly
energetic X-rays. This radiation is transferred to specific experiment stages, termed
beamlines, that are arranged in a tangential manner around the storage ring. Here, the
beam is further optimized by monochromatization and focusing before it is used for the

actual experiment.
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Figure 4.15: A schematic illustration of an electron synchrotron setup. Electrons are brought on a
circular path in a large storage ring. An undulator accelerates these electrons to create highly energetic
X-rays, which are further monochromatized and focused to be used for experiments in a beamline
installation. Taken from [244].

Synchrotron-based diffraction studies allow for high beam energies in the range of
100 keV, hence, the term high-energy synchrotron XRD (HESXRD) has been established.
Synchrotron radiation achieves brilliance levels that are unthinkable for conventional X-
ray tubes, surpassing the latter by up to nine orders of magnitude. The brilliance B is a
widely used quantity to rate the quality of a radiation source. It is calculated by
normalizing the photon flux F with the beam cross-section A, the angular spread of the

beam (), and the bandwidth AA/A, which is a measure for monochromaticity according to

F

B = .
4.22
1q AA}\ (4.22)

The extreme brilliance of synchrotron radiation allows to obtain diffraction patterns with
outstanding signal-to-noise ratios within timescales of a few seconds, thereby enabling to
draw meaningful conclusions about the diffracting atomic structures. Since the
introduction of third generation synchrotrons, sophisticated beam optimization also
allows to combine high photon flux with high levels of coherence, rendering advanced
experimental approaches like X-ray photon correlation spectroscopy possible [245,246],
see Chapter 4.3.3. For a deeper understanding of synchrotron technology, the reader is

referred to respective literature [244,247].
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4.3.2 X-ray diffraction with incoherent radiation

We start our theoretical considerations about XRD and HESXRD by envisioning that every
electromagnetic wave can be described by a wave vector K. As a vector property, it
incorporates a modulus k, termed the wave number, which basically encodes the
wavelength A, and a directional component that is oriented perpendicular to the wave
front and describes the direction of wave propagation. In the following, we will only
consider elastic scattering, i.e., there is no energy loss during the diffraction process.
Hence, the wave number will not be altered, but the directional difference between
incoming and diffracted wave with the respective wave vectors ka and ks is described by

the diffraction vector q as

q=ky—ky (4.23)

The wave number of q is thereby calculated according to

4 sin(0)

: (4.24)

Here, we see a direct link established between the diffraction vector q and the Bragg angle
© from Equation (4.21). We now consider a sample volume that is irradiated with
monochromatic (but incoherent) X-rays and consists of N atoms. Each atom will
contribute to the overall (static) sample scattering amplitude ¥(q) through its individual
scattering amplitude aj(q) (also termed the atomic form factor) and its specific position

vector rj as

N

Y(q) = z a;(q) exp(—iqr;). (4.25)

J

Experimentally, W(q) is not directly accessible. Instead, any detector device records the
photon counts as a function of q, i.e., the (static) scattering intensity I(q) being the squared

modulus of ¥(q) as

1(@) =¥@*=%(q) ¥ (q)

al al 4.26
= Z fi(q) exp(—iqr)) Z a;(q) exp(i q ) (+:26)
Jj k
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N N
= a@a@ exp(-iq (r-ry))
7k

with W*(q) being the complex conjugate of W(q). We see here that ¥(q) predetermines at
which q values (i.e. Bragg angles) constructive interference and the emergence of
intensity maxima can be expected. Accordingly, ¥(q) incorporates the same information
as the Bragg law in Equation (4.21), but in a quantitative, more generalized and
sophisticated manner. Furthermore, I(q) can be divided in a self part I(q)serf (in case of

j=Kk) and a distinct part (in case of j#k) 1(q)distinct as

I(q) = I(q)self + I(q)distinct

N

N N
= Z a;(q)? + Z Z a;(q) ar(q) exp (—i q (ri_rk))'

J Jj k#j

(4.27)

The self part reflects the sum of all individual atomic scattering intensities. Without an
exponential term, it does not reflect the phase relationship among the waves scattered at
the atomic structure. Hence, it does not contribute to any constructive and destructive
interference that would constitute diffraction. The self part instead creates a kind of q-
dependent baseline scattering signal that is superimposed with the actual diffraction
signal stemming from the distinct part. In order to concentrate on the diffraction
component, I(q) can be normalized by I(q)selr, which leaves us with the (static) structure

factor S(q) as

_ I(q) _ I(q) _ I(q)distinct
S(q) a I(q)self a (a(Q)>2 = I(q)self ' (4'28)

Thereby, (a(q)) denotes the ensemble averaged scattering amplitude over all included

atoms according to

1
(alg) = Z a;(q) = Z cn an(q), (4.29)
J

n

where cn quantifies the concentration of the atomic species n while an(q) describes its
respective scattering amplitude. W¥(q), I(q), and S(q) all provide structural information in
the reciprocal space, see Equation (4.24). Through a Fourier transformation of S(q), the

total (reduced) pair distribution function (PDF) G(r) can be calculated as
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2 [o'e]
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0

G(r) is closely related to another often used correlation function called the total pair

distribution function g(r), which also includes the number density po of the material as

G(r)
4mrpg

gr) = + 1. (4.31)

G(r) and g(r) describe the atomic structure as a function of a positional vector r. Hence,
the structural information is transferred into the real space, which might be a more
intuitive and comprehensible approach for the human mind. By envisioning a sphere of
radius r around a given atom at the center, G(r) or g(r) can be interpreted as the
probability of encountering another atom at the surface of the sphere. The reader might

be referred to Figure 2.15 in Chapter 2.5.3, where this aspect was initially demonstrated.

It shall be mentioned that for isotropic materials like amorphous metals, I(q), S(q), and
G(r) are in fact not dependent on the directional components of q and r [247]. Hence, we
will often use only the moduli of these vector properties, namely q and r, in the following
course of this work. Figure 4.16 illustrates exemplary curves of 1(q), S(q), and G(r) of a
metallic glass. We see that I(q) is quantified in absolute counts, meaning that it is an
extensive property with an absolute height that depends on experimental aspects like
sample thickness, chemical composition, or the used acquisition time. S(q) as a
normalized version of I(q) is instead an intensive property and oscillates around unity.
The highest peak in I(q) and S(q) is termed the first sharp diffraction peak (FSDP). As the
peak with the lowest q value, it includes the SRO, but especially the MRO of the amorphous
structure. G(r) also shows its highest value at the first maximum, yet this peak
corresponds to the first shell of nearest-neighbor atoms. Maxima of higher orders show a
gradual decrease in height, indicating the loss of order at longer length-scales, which is
the archetypical characteristic of the amorphous state. More detailed introductions to the
topic can be found in the textbooks that served as basis for this chapter, namely T. Egami

and S. Billinge [247] and ]. Als-Nielsen and D. McMorrow [244].
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Figure 4.16: Exemplary curves for a) I(q), b) S(q), and c) G(r) for a metallic glass at room temperature.
While I(q) is an extensive value that depends on experimental conditions, S(q) is a normalized
property that oscillates around unity. G(r) is a real-space property that oscillates around zero.

Experimental details - In the present work, XRD measurements with radiation from
conventional X-ray tubes are used as a standard analysis tool to detect potential
crystallinity in especially the AM-formed samples from the Papers IV, V, and VI. The
specific experimental details can be found there. Generally, commercial diffractometers
built with the Bragg-Brentano geometry approach are used. Hence, radiation source and
detector move on a circular path around the stationary sample in order to scan over the
Bragg angles of interest. The results from these conventional XRD measurements are

given in form of diffractograms that show the measured intensity as a function of 20.
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Isothermal room-temperature synchrotron HESXRD measurements are performed to
complement the conventional XRD screening in the AM-related Papers IV and V. The
extremely improved signal-to-noise ratio is used to verify sample amorphicity or to detect
low crystalline fractions that are undetectable with other methods. In these HESXRD
setups, the sample is irradiated in a wide-angle X-ray scattering (WAXS) setup in
transmission mode. The resulting diffraction pattern is recorded by a stationary 2D-
detector placed at a fixed sample-detector distance (SDD) downstream of the sample.
Azimuthal integration over the detector signal with the program PyFAI integrate provides
the raw intensity signal. Further data corrections, namely background subtraction,
corrections for multiple scattering and inelastic Compton scattering, are performed using
the PDFgetX2 program [248], which also calculates S(q) and G(r). Again, further details of
the experimental setup and data treatment are described in the respective parts of the
Papers IV and V. For detailed explanations regarding typical measurement setups (sample
holders, heating devices for potential temperature scans, detectors) and specific data

handling aspects, the reader is referred to other works [197,198,249,250].

4.3.3 X-ray photon correction spectroscopy using coherent radiation

When waves maintain a well-defined phase relationship between each other over a
certain time and space (i.e. a constant phase lag), this aspect is termed coherence. So far,
we have considered diffraction with monochromatic, but incoherent X-rays for XRD and
HESXRD applications. Diffraction on amorphous, isotropic matter then results in a diffuse
diffraction pattern as schematically shown in Figure 4.17a). The diffraction rings provide
information about the average atomic distances d, as already explained on hand of the
Bragg law in Equation (4.21). If we now consider monochromatic, but also coherent
radiation, the appearance of the diffraction signal changes. Instead of diffuse diffraction
rings, a complex ensemble of finely defined peaks can be observed, a so-called speckle
pattern, see Figure 4.17b). Each speckle is an intensity maximum that results from
constructive interference of the coherent radiation scattered at an atomic structure
whose dimension corresponds to the radiation’s wavelength. Temporal changes of these
atomic structures will naturally change the appearance (intensity, position) of the
speckles. Hence, temporal correlation among speckle patterns allows to study the atomic-

scale dynamics of the diffracting matter.
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Figure 4.17: A schematic comparison between diffraction on amorphous matter with a) incoherent and
b) coherent radiation. While the former creates diffuse diffraction rings, the latter generates a distinct
speckle pattern. Taken from [251].

This constitutes the working principle of X-ray photon correlation spectroscopy (XPCS),
a method that was firstly reported in 1991 by S. Sutton et al. [245]. The historical
predecessor of XPCS can be found in the method of dynamic light scattering (DLS), which
applies the same principle, but using electromagnetic radiation in the visible spectrum.
Due to the lower energy and larger wavelengths, DLS cannot be used to study atomic-scale
processes but rather dynamics of larger particles e.g. in colloids, clays, or concentrated

emulsions [252-256].

To understand XPCS as a diffraction method using highly coherent X-rays, the static
sample scattering amplitude from Equation (4.25) is not adequate anymore. Instead, the
time dependence must be considered, too, leading to the dynamic sample scattering
amplitude ¥(q,t). The underlying reason is that atomic structural rearrangements
constantly change the positional vector r(t) of each atom, and hence, ¥(q,t) will change
with time for any given q. The timespan over which each speckle pattern is obtained, the
so-called exposure time (or also acquisition time), therefore should be orders of
magnitude shorter than the timescale on which substantial changes in the speckle pattern
occur. Otherwise, temporal averaging over too long exposure times would result in
pronounced smearing, ultimately leading to a diffraction pattern with diffuse rings

instead of speckles, as it is obtained through incoherent radiation [257].
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We now consider an evaluation window spanning over a certain amount of consecutive
speckle pattern (in PaperI], this is termed an evaluation batch [6]). In principle, the
correlation between speckle patterns can be quantified by comparing their dynamic
sample scattering amplitudes through the intermediate scattering function (ISF) f(q,t). It
correlates every initial value W(q, 0) with its equivalent ¥(q,t) after an elapsed time t

through a multiplication [258] in form of

f(q,t) =(¥(q,t) ¥"(q,0))

Al (4.32)
=" 4@ @ 0) exp (i q (1;(0) =1 (®) )
7K

¥*(q,0) is the complex conjugate of ¥(q,0) and the angle brackets (...) indicate an
averaging over all speckle pattern pairs with temporal distance t within the evaluation
batch. It shall be also mentioned that the ISF can be separated into a self part (j=k) that
considers the translation rj(t)-rj(0) of particles in relation to themselves within a
timeframe t, and a distinct part (j#k) that considers the respective translation of a particle

in relation to its surrounding particles.

Furthermore, the so-called first order correlation function gi(q,t) results from
normalizing the ISF through the static intensity I(q), as it has been introduced for

incoherent diffraction in Equation (4.26):

_ f@v)
9149 = 1y iq, 0p)
(XY XX ai(q,t) ar(q,0) exp <—i q (rj(t) — Tk@)))) (4.33)

(530 4(8,0) a(g,0) exp(~i g (1,0) ~ 1 (®)))

Due to the multiplication in the numerator and the normalization by the denominator, g1
quantifies the correlation among speckle patterns through values between unity and zero.
Naturally, correlation reaches a maximum of 1 when t=0, hence, when each speckle

pattern is compared to itself.

In practice, however, we encounter the same issue as previously found for incoherent
diffraction: ¥(q,t) cannot be directly measured, yet, its square value can be detected in
form of a measured (dynamic) intensity I(q,t). By taking Equation (4.26) into account,

speckle intensity correlation is performed through the intensity correlation function Iz as
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12 (CI; t) = (I(CI, t)I(q, O))

N

_ zN: EN: EN: Z a;(q,0) ax(q,0) a;(q,t) an(q,t) (4.34)
- i k1 .

m

exp(—iq (1;(0) = ;.(0)) exp(—i g (ry(t) = ()

Further normalizing I2 in an analogous way as done for the g1 calculation then leads to the
second order correlation function g2, also termed the intensity autocorrelation function:

_(I(q,0)1(q,0))

g2(q,t) = MCOER (4.35)

1(q, 0) refers to the static scattering intensity. Due to the normalization and the easy
accessibility from the intensity signal measured by the detector, g2 is the most widely used

parameter to evaluate the speckle correlation in XPCS experiments [259-270].

The loss of correlation between speckle patterns over time is termed decorrelation. If the
interference of other decorrelation mechanisms can be excluded (we will elaborate this
aspect later), decorrelation reflects atomic structural rearrangements caused by the a-
relaxation. Hence, the temporal decay in g1 can be modelled by the usual KWW function
as introduced in Chapter 2.1.2, Equation (2.4). Figure 4.18 illustrates a schematic speckle
pattern that changes with time, together with an exemplary KWW-shaped g1 curve that
tracks the corresponding decorrelation process (black curve). g1 and the experimentally

accessible g2 are directly related through the Siegert relation
92(q,t) = b +clgi(q, DI, (4.36)

and accordingly, g2 can be also described by a KWW function as

B
92(q,t) = b+ cexp (—2 (;) ) (4.37)

where b is a baseline value near unity and c is a contrast value that describes the height

of the observed decay.
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Figure 4.18: A schematic comparison between a KWW-modelled decorrelation in g1 (black curve) and
g2 (red curve). The gray sketches illustrate speckle patterns that change over time, causing the
observed decorrelation. Due to the slightly different mathematical formulation stemming from the

Siegert relation, the g» curve decorrelates earlier than the g1 curve.

The Siegert relation again illustrates the quadratic dependence between scattering
amplitude (gi1) and intensity (gz), as initially introduced in Equation (4.26). As a
consequence, the g2 KWW function in Equation (4.37) features an additional factor of two
in the exponential argument, which shifts the whole g fit to shorter times in comparison

to the g1 fit, as demonstrated by the red gz curve in Figure 4.18.

It shall be noted that the Siegert relation originally correlates g2 with the ISF instead of g1.
Yet, the Equations (4.32) and (4.33) demonstrate that these functions are closely related
[271] and it can be assumed that both share very similar decorrelation behavior. Hence,

ISF and g1 can be interchangeably used in terms of the Siegert relation [6,272].

Aside the g1 and g2 functions, decorrelation can be graphically illustrated through the two

time correlation function (TTCF) G(q,t1,t2), which is calculated as

(T(E)I(E2))y
(Tt p{I(E2))p

G(q,ti,ty) = (4.38)
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Here, (...), indicates positional averaging over all pixels of the detector. G provides a
discrete value for the correlation between two certain speckle patterns obtained at
specific times t1 and tz. It therefore differs from all previously introduced correlation
functions, which instead result from averaging over all speckle pattern correlations with
a certain distance t. For a given evaluation batch, TTCFs are usually depicted in form of a
color map, as exemplarily shown in Figure 4.19. Warm colors encode high correlation,
cold colors indicate low correlation. The red belt along the diagonal represents self-
correlation, where ti=t2. TTCFs are a helpful tool to identify (quasi-)stationary dynamics
on hand of a constant width of the colored belt. Changing widths may indicate non-
stationary dynamics, e.g. caused by aging effects at temperatures below the kinetic glass
transition [261,262,265,273]. From a TTCF, g2 can be calculated by respective temporal

averaging, as explained above.

For further information about XPCS and the closely related method of DLS, the reader is
referred to the literature that served as basis for this chapter

[91,257,258,271,272,274,275].

240

180

60

0 60 120 180 240
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Figure 4.19: An exemplary TTCF that is also found in Paper II [6]. The evaluation window spans over a
batch size of 24000 patterns obtained with 0.01 s exposure time, which equals to a batch timespan of
240 s. The warm-colored belt along the diagonal indicates high correlation. Its rather constant width
further shows that (quasi-)stationary dynamics in the illustrated evaluation window can be assumed.
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Experimental details - All previously published XPCS studies of metallic glass formers
report on isothermal XPCS measurements. This work instead focuses on the relatively
unconventional method of temperature scanning XPCS, which applies an underlying
constant temperature change to scan the temperature dependence of the material’s
microscopic dynamics. All presented measurements used a temperature change rate of
1 K/min and were performed at the ID10 beamline of the ESRF (European Synchrotron
Research Facility) in Grenoble, France. The experiments took place shortly after the EBS
(Extremely Brilliant Source) upgrade in 2021, which updated the ESRF to be one of the
first fourth generation synchrotrons worldwide [165,276]. PaperIl reports on
temperature scanning XPCS used to investigate the glass, glass transition, and SCL state
of the Pt425Cu27Ni9o.sP21 alloy upon heating and cooling. Experimental details can be found

in the Materials and Methods section of this publication.

4.4 Microscopy

In the following, the imaging methods used in this work, namely light microscopy and
scanning electron microscopy, will be introduced very briefly. For detailed information

about these standard methods, the reader is referred to appropriate textbooks [277,278].

4.4.1 Light microscopy

In material science, light microscopy is a widely used method to create magnified images
of surfaces and micro-scale structures. A detailed introduction to this standard method

can be found in respective literature [277].

Experimental details - Light microscopy is used in Paper IV to evaluate the surfaces
created through TPF post-processing of additively formed AMZ4. In the Papers V and V],
it is used to investigate porosity of AM-formed Vit101 and its derivatives as well as

Nis2Nbss. The technical details can be found in the respective publications.

4.4.2 Scanning electron microscopy

Scanning electron microscopy (SEM) uses the short wavelengths of electrons to overcome

the Abbe limit that restricts the resolution of conventional light microscopy. Hence, SEM
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is a widely used and powerful method to image small structures on the sub-micrometer
scale. Imaging can be thereby performed using eighter backscattered electrons (BSE) or
secondary electrons (SE). Furthermore, SEM can be used to apply energy-dispersive X-
ray spectroscopy (EDX), which allows to perform very localized chemical analysis based
on the emission of element-specific characteristic X-rays. A detailed introduction to the

topic can be found elsewhere [278].

Experimental details - SEM is applied in Paper IV to image the surfaces of AM-formed BMG
parts that were post-processed by TPF. In Paper V, SEM imaging is used to evaluate
fracture surfaces of AM-formed Vit101 and its derivatives. Paper VI reports on SEM
studies to image crystalline precipitations in AM-formed Nis2Nbss. EDX mapping is further
performed to obtain semi-quantitative knowledge about the chemical composition of

these precipitates. Experimental details are explained in the respective articles.

4.5 Mechanical testing

4.5.1 Vickers hardness testing

The hardness of a material describes its resistance against the mechanical indentation
through another (test) body. Widely applied testing approaches use standardized probes
and loads to indent the material of interest in order to determine a hardness value by
analyzing the created indentation. In the present work, Vickers hardness measurements
[279] are performed. The indenter is a diamond in shape of a square-based pyramid with
a tip angle between opposing faces of 136 °. Since hardness determination may vary with
the applied load, Vickers hardness values are always specified together with the
information of the used measurement force F in kilopond. For example, a Vickers
hardness with a unit of HV10 was measured with F=10 kilopond=98.1 N, hence with the
gravitational force of 10 kg. After loading the sample surface for 10-15 s, both diagonals
of the indent, d1 and dz, are measured. From their average d, the Vickers hardness can be
calculated as
HV(F) = 0.1891 % (4.39)

Experimental details - Paper VI reports HV1 hardness testing on additively formed

Nis2Nbss samples. The details can be found in the publication.
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4.5.2 Stress-strain diagrams from three-point beam bending

Bending experiments are a valuable approach to determine stress-strain diagrams of
metallic glass formers, especially since bending tests allow to observe potential plasticity,
as explained in Chapter 2.8.2. Figure 4.20 illustrates the experimental setup in case of
three-point bending (3PB). A beam-shaped sample is placed on two bearings with a
distance L to each other. In the center of the beam, the sample is loaded with a probe and
bent with a continuously increasing displacement motion D. The sample accordingly
deforms and the thereby applied load F is recorded. Together with the width b and height
h of the beam, the stress o and strain € at the outer surface of the beam midpoint can be

calculated according to

3FL

= R (4.40)
6D h

€= (4.41)

Experimental details - In the papers IV and V, 3PB is used to determine the stress-strain
diagrams of additively formed BMGs, namely AMZ4 as well as Vit101 and its derivates.

The details are described in the respective sections of these publications.

probe with load F

_n§utral
axis
bearing D bearing
| L
% B
L/2
R 3

Figure 4.20: Scheme of the three-point bending procedure. The beam sample is placed on two bearings
and is further loaded in the middle. Loading force F and displacement D are recorded to calculate the

stress-strain diagram.
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5. PUBLICATIONS

In the following, all six publications that constitute this thesis will be shown in their final
published form. These are Paper I: Determining the fragility of bulk metallic glass forming
liquids via modulated DSC in Chapter Paper I: Determining the fragility of bulk metallic
glass forming liquids via modulated DSC5.1, Paper II: Liquid-like versus stress-driven
dynamics in a metallic glass former observed by temperature scanning XPCS in Chapter 5.2,
Paper III: Determining and modelling a complete time-temperature-transformation
diagram for a Pt-based metallic glass former through combination of conventional and fast
scanning calorimetry in Chapter 5.3, Paper IV: Thermoplastic forming of additively
manufactured Zr-based bulk metallic glass: A processing route for surface finishing of
complex structures in Chapter 5.4, Paper V: Laser powder bed fusion of Cu-Ti-Zr-Ni bulk
metallic glasses in the Vit101 alloy system in Chapter 5.5, and Paper VI: Additive
manufacturing of Nis2Nbszs metallic glass via laser powder bed fusion in Chapter 5.6. Ahead

of each paper, basic information and the abstract of the article will be briefly provided.
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5.1 Paper I: Determining the fragility of bulk metallic glass forming liquids via

modulated DSC
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Abstract of the article

Temperature modulated DSC is used to study the fragility of three different bulk metallic
glass forming liquids. Through applying various modulation frequencies, the dynamic
glass transition shifts in temperature, allowing to determine the temperature dependence
of the average relaxation time for each system. The resulting fragilities are compared with
fragility investigations in literature obtained using thermo-mechanical analysis and the
heating rate dependence of the calorimetric glass transition. Different methods to

compare the data are evaluated and discussed.
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Abstract
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Temperature modulated DSC is used to study the fragility of three different bulk metallic glass
forming liquids. Through applying various modulation frequencies, the dynamic glass
transition shifts in temperature, allowing to determine the temperature dependence of the
average relaxation time for each system. The resulting fragilities are compared with fragility
investigations in literature obtained using thermo-mechanical analysis and the heating rate
dependence of the calorimetric glass transition. Different methods to compare the data are

evaluated and discussed.
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Introduction

Bulk metallic glasses (BMGs) are a relatively new family of
materials. They are found in e.g. Zr- [1-3], Fe- [4, 5], Ti- [6,
71, Mg- [8, 9], Au- [10, 11], Pt- [12, 13], or Pd-based [14,
15] systems with usually three or more alloy components. Due
to their amorphous structure and the resulting absence of dis-
location movement as deformation mechanism, these materi-
als show promising mechanical properties like high strength,
hardness, and polymer-like elastic deformability of about 2%,
thereby often exceeding the performance of conventional crys-
talline alloys [16]. To reach the glassy state, crystallization
has to be bypassed during undercooling the liquid until it
‘falls out of equilibrium’ at the glass transition [17]. The glass
forming ability (GFA) of a particular alloy is determined by
thermodynamics, but also by kinetic factors. The latter are
described by the equilibrium viscosity 7 or the relaxation time
7 of the undercooled liquid, since these parameters directly
affect the rate of nucleation and crystal growth. The temper-
ature dependence of 7(7") and 7(T') can be described by e.g.
the empirical VFT equation and evaluated in the framework
of Angell’s fragility concept [17]. Accordingly, liquids with

1361-648X/20/324004+9$33.00

an Arrhenius-like temperature dependence are termed strong,
while those showing rather super-Arrhenius-like behavior are
termed fragile liquids. One method to quantify fragility is the
m-fragility approach, which defines the curve steepness of the
investigated quantity x(7T) at 7,"/T = 1 in an Angell plot
[18] as

m— 810g£;&x(T)) . )
T T=T};
Higher m values indicate a higher temperature sensitivity
of x(T') in the vicinity of 7, and therefore a more fragile
liquid. In terms of viscosity, the value of 7\,* is commonly
defined at the temperature where 1 equals 10" Pa s [19]. For
timescale data, 7(7;*) = 100 s is a widely used definition
[18-20]. For BMG-forming liquids, a stronger behavior
can enhance the GFA, since it leads to increased relaxation
times and thus to sluggish atomic rearrangements in the
temperature range where the supercooled liquid is prone to
crystallization [17, 21]. Hence, the fragility of a glass forming
liquid is a crucial factor to understand and evaluate its GFA
and is therefore of interest for scientific research, but also
for technological applications. Fragility can be determined

© 2020 I0P Publishing Ltd  Printed in the UK
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experimentally by using thermo-mechanical analysis [5, 9,
22], dynamic-mechanical analysis [23, 24], or calorimetric
methods. One calorimetric approach is the so called 7',-shift
method that measures the dependence of the thermal glass
transition on the applied rate of temperature change [13, 22,
25, 26]. As a different approach, (temperature) modulated
differential scanning calorimetry (MDSC), introduced by
Reading et al [27, 28], can be applied. Here, a small harmonic
temperature perturbation is superimposed on an isotherm or
a linear temperature scan program. The frequency of this
modulation introduces a certain timescale into the experimen-
tal setup that results in a period-dependent reaction of the
observed system. Besides e.g. sub-T, effects [9, 29], hidden
glass transitions [30, 31], or crystallization in polymers [32],
MDSC allows to study the frequency-dependent glass transi-
tion event, also termed dynamic glass transition. This dynamic
glass transition can be distinguished from the thermal, or
kinetic glass transition [33], which is determined by the under-
lying rate of temperature change and used for the conventional
T,-shift method. Applying different modulation periods to an
equilibrium liquid enables us to study the temperature
dependence of the system’s average relaxation time and
therefore its fragility. While various studies on non-metallic
systems address MDSC-based fragility analysis [20, 34-37],
only a sparse amount of work on metallic glass formers
can be found in literature [24, 38]. The present study
aims to fill this gap by characterizing the low-temperature
fragility of BMG forming liquids via the MDSC approach.
In particular, the characteristics that distinguish these
systems from the majority of other glass former families are
considered, like the metal-typical high thermal conductivity
and the limited thermal stability of the supercooled liquid
state due to crystallization. For this purpose, three well-known
noble metal based BMG forming liquids are investigated,
which show a broad range of fragilities as well as varying
thermal stabilities. The chosen systems are the Au-based
AU49Ag5A5Pd2v3CUZ5‘QSi](,.3, the Pt-based Pt42_5Cu27Ni9,5P21
alloy, and the Pd-based Pd43Cuy;Ni oP2. The results will be
evaluated and compared to existing data sets obtained by,
for BMGs, more commonly used techniques like thermo-
mechanical analysis and rate-dependent calorimetric 7'q-shift
analysis.

Experimental

Plate-shaped amorphous specimens are prepared by tilt casting
the melt into a water-cooled copper mold under high-purity
argon atmosphere, as described in detail in [11, 13, 22, 39].
The amorphous state is verified by x-ray diffraction. Samples
for calorimetry are cut with a diamond saw. The used sample
weights range between 4 and 25 mg. MDSC measurements are
performed in aluminum pans using a TA instruments Q100
device that was calibrated via the melting temperatures and
enthalpies of indium, tin, bismuth, and lead. The samples are
heated with a constant underlying rate go of 1 K min~' from
below the thermal glass transition into the supercooled liquid
(SCL) state and are subsequently cooled back into the glassy

M Frey et al
t(s)
2000 2500 3000 3500 4000 4500
T T T T T T

—— HF poq(t) qo = 1 K/min

- = HFg(M A;=05K

......... HF o,(T) P=45s

— "~ HFronreu(T)

HFmod(t) (mW)

|
(i

Ptaz 5Cuz;Nig, 5Pz1

I

490 510 530 540
T (K)

— =
L,
HF(T) (J/(g-atom K))

Figure 1. Modulated heat flow HFp,04(f) induced by the modulated
heating rate g(¢) during a heating scan on the Pty 5Cuy7Nig 5P»;
alloy. The total heat flow HF,(7') indicates the thermal glass
transition that is determined by the underlying heating rate go. The
reversing heat flow HF,.,(T") depicts the frequency-sensitive
dynamic glass transition as an equilibrium liquid property. The
excess between HF,(7') and HF,.,(7") is the non-reversing heat
flow HF no-rev (7).

state with the same rate. Every heating-cooling sequence is
superimposed by a sinusoidal temperature modulation with
a respective period P and a fixed temperature amplitude Az
of 0.5 K. The used periods are 10, 12, 15, 20, 30, 45, 60,
75, 90, 105, 120, 135, and 150 s. This results in a modulated
temperature change rate ¢(f) [40]

q () = qo + Arw cos (wt), 2)

where w is the angular frequency of modulation with w =
27/P. The Pt- and Pd-based alloys feature wide and excep-
tionally stable supercooled liquid regions, with ATy = Tx—T,
= 83 K for a 20 K min~! DSC scan [13] and AT, = 131 K
for a 40 K min~! DSC scan [15], respectively. This allows to
perform up to five heating-cooling sequences with the same
sample without a detectable onset of crystallization. For the
Au-based alloy, only one heating-cooling sequence per sample
is performed to avoid crystallization due to the smaller super-
cooled liquid region (AT, = 58 K for a 20 K min~! scan [10]).
Through the fixed temperature amplitude, shorter periods lead
to higher maximum values of g(¢) and an increased probability
of critical thermal lag between sample and applied tempera-
ture program [40]. To compensate for this effect, the mass is
adjusted so that short periods are measured with light sam-
ples and vice versa. Furthermore, the sample surfaces were
polished for optimized heat transfer. Additionally, heating-
cooling sequences with an underlying rate go = 0.1 K min~',
Ar = 0.5 K, and periods of 20, 30, 60, 90, and 150 s are per-
formed for Pd43Cuy7Ni;gPa. Each sequence is measured with
anew sample. Data evaluation and plotting is performed using
TA Universal Analysis and Origin Pro 2019.
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Figure 2. (a) HF,,(T) curves obtained by heating Pd43Cuy7Ni;oP2o
samples with go = 1 K min~! and applying different modulation
periods. The temperature point T'g 4 of each dynamic glass transition
is defined as the inflection point in the step-like HF,(T') signal by
peak fitting of the maximum in the HF,(7') derivative (gray curve).
T q shifts to lower temperatures with increasing period. (b) For go
= 1 Kmin™! in heating and high periods like P = 150 s, this results
in an overlap of the dynamic glass transition in the HF,,(7") curve
(black dashed line) and the overshoot of the thermal glass transition
observed in the HF,(7") signal (black solid curve). Reducing the
underlying rate to go = 0.1 K min~" shifts the thermal glass
transition to distinctly lower temperatures (red solid curve,
smoothed signal in yellow), resulting in a more distinct separation of
thermal and dynamic glass transition event. (c) In the activation
diagram, T'gq values obtained during heating and cooling scans as
well as with gp = 1 K min~! and gg = 0.1 K min~! show the overall
same temperature dependence, albeit small offsets in the order of

1 K or below are visible.

Results

The modulated temperature rate g(¢) induces a reaction of
the measured system in form of a modulated heat flow sig-
nal HF,,q(?), as illustrated in figure 1 in the case of the
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Figure 3. log;o(7q4) of the Au-based liquid over 1/7. The
temperature points reflect the average Ty ¢ value for heating and
cooling scans with go = 1 K min~! and with the same applied
periods, the errors bars reflect the respective standard deviations.
VFT fits with pre-exponential factors fixed at 10~'# s [45] (straight
red line) and 102 s (blue dashed line) both describe the data set
well, but provide completely different D* and T, parameters.
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Figure 4. Linear Arrhenius fits of 74(7') in an Angell-type diagram
for all three compositions. The linear 74(7) fits are extrapolated to
T,* at 7g = 100 s to define the m-fragility m,.

Pty 5Cuy7Nig 5P>; alloy. Through Fourier analysis of HF 04(%)
over a (sliding) time window of one modulation period, the
courses of average value and amplitude of HF,q(?) are estab-
lished. With these parameters, the MDSC measurements are
analyzed according to the reversing/non-reversing heat flow
approach [40]. Thereby, the total heat flow HF,((T) is derived
from the sliding average of HF,,q4(7), where T refers to the
average temperature defined by go. From the heat flow ampli-
tude of HF,,,q(?), the reversing heat flow HF,,(7) can be
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Table 1. All parameters of linear and VFT fits for MDSC, TMA [13, 39, 44] and T'y-shift [13] data. The
temperature spans of data acquisition of each method are listed.

Composition AugAgssPdr3CuoSites  PtazsCuxrNigsPy PdazCux;NijoPag
Temperature range of data points

MDSC (K) 133 153 14.0
TMA (K) 24.9 [44] 33.7[13] 30.2 [39]
T'-shift (K) — 21.2[13] —
MDSC - linear fits in time domain

Ty = T(i00's) (K) 3922 5i0.8 573.8

m: 36.1 £0.8 42.8 +£0.9 493 +0.9
TMA - VFT fits in viscosity domain

D* 21.5 £ 0.7 [44] 15.3 £ 0.7 [13] 14.0 £ 0.3 [39]
To (K) 244.6 + 2.8 [44] 354.4 +3.5[13] 412.4 +2.4[39]
T,*(10" Pas) (K) 383.9 [44] 498.0 [13] 565.3 [39]
m, 45.2 [44] 56.9[13] 60.6 [39]
MDSC - VFT fits in viscosity domain

G-y (Pa) 9.72 x 108 3.74 x 10% 1.28 x 10°
D* 222+07 15.6 £ 04 13.8 £0.3
To (K) 241.5+33 3523+30 414.1 +£2.7
T,*(10' Pass) (K) 383.5 497.9 565.4

my 44.3 56.1 61.3
Tg-shift - VFT fits in viscosity domain

G,y (Pa) — 1.82 x 108 —

D* — 167+ 15 —

Ty (K) — 3444 +£3.0 —
T,*(10" Pas) (K) — 496.7 —

my — 53.5 —

calculated [40]. The difference between HF o (7") and HF,, (T')
is the non-reversing heat flow HF o ev(7') [40]

HF(()I (T) = HFYCV (T) + Hme—rev (T) N (3)

HF;o«(T") corresponds to the heat flow received from a conven-
tional DSC scan with an applied rate go. Hence, HF,(T') in
figure 1 shows a typical thermal glass transition as the heating
rate-governed transition from the initially glassy state into the
equilibrium supercooled liquid state. At distinctly higher tem-
peratures, the dynamic glass transition manifests itself in the
HF,,(T') signal as an almost sigmoidal transition from the low
glassy to the higher liquid state plateau. This effect is deter-
mined by the modulation frequency instead of the underlying
rate go and marks the temperature region, where the average
of the (enthalpy) relaxation time spectrum of the liquid 74(7")
is in the order of the applied modulation period according to
[20, 36, 41]
1 P

== )
With increasing temperature, 74(7) decreases. This leads to a
shift of the dynamic glass transition to higher temperatures for
decreasing periods as shown in figure 2(a) by means of the Pd-
based system. The temperature associated with the respective
dynamic glass transition, T’y 4, is defined as the inflection point

of the curve. It is determined by peak fitting the maximum
of HF,y(T)/0T, see figure 2(a). For long modulation peri-
ods, the dynamic glass transition approaches the thermal glass
transition event, leading to an overlap of the dynamic glass
transition and the enthalpy recovery signal (overshoot) in the
HFo(T) signal as shown for P = 150 s and ¢p = 1 K min~!
in figure 2(b). By decreasing g by one order of magnitude to
0.1 Kmin~', thermal and dynamic glass transition can be dis-
tinctly separated as the thermal glass transition decreases by
roughly 10 K. Figure 2(c) compares the T, 4 values obtained
by heating and cooling with go = 1 K min~' or 0.1 K min~! in
an activation diagram. By trend, T, 4 values obtained in heating
are slightly higher (offsets are in the order of 0.6 K or less) than
those measured in cooling when gy = 1 K min~" is applied. For
go = 0.1 Kmin~', the offset between heating and cooling data
further decreases. Even though a small difference in the order
of 0.8 K or less is visible between the data sets obtained with
different g, the linear fits in figure 2(c) reveal that the slopes of
all four data sets (two different gy in heating and cooling setup,
respectively) are basically identical within less than 5% dis-
crepancy. For further considerations, the T ¢ associated with
an applied modulation period is defined as the average of the

two values of a heating-cooling sequence with gy = | Kmin~'.
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The temperature dependence of equilibrium viscosity or 10' T T 7
5 3 5 5 e - d 108
relaxation time of metallic glass forming liquids usu- . D,=21V:7T1;"£'2‘ - a)y 10
ally shows a super-Arrhenius temperature dependence. This L VFT -OMDSC 110
behavior can be mathematically described by the empirical 5 4q1s [[D*=222/T;=2415K
Vogel-Fulcher—Tammann (VFT) equation [17], where x(T) & n,=410°Pas 410 -
. >~ 1012 ~
reflects 7(T") or n(T'), respectively: = 10%F 1 &
g 4ot
& E

D' Ty
o n)’ )

x(T) = xo exp (
with the fragility parameter D*, the VFT temperature 7 at
which the function diverges, and a pre-exponential factor xo
that defines the high-temperature minimum value of x(7).
High D* parameters correspond to a rather strong behavior
and vice versa. Two aspects shall be addressed at this point. At
first, the divergence of 7(T') or n(T') at low temperatures has
been critically discussed in recent literature [42]. Advanced
approaches like the MYEGA model [43] consider this aspect
and would be more appropriate for extrapolation to extremely
deep temperatures. However, since this is not an explicit goal
of the present work, the still widely established VFT equation
is used in the following, thus allowing a direct comparison with
published VFT fit parameters [13, 39, 44]. Second, fragile-to-
strong transitions are not observed in the present work and are
therefore excluded from consideration. Yet, such a transition
has been reported for the Au-based alloy at very low tem-
peratures [44, 45]. Accordingly, the reported fragilities have
to be handled with caution if they are used to extrapolate to
temperatures distinctly beyond the investigated temperature
range.

Figure 3 depicts two attempts to provide VFT fits of MDSC-
defined 74(7) data. To obtain physically meaningful fits, 7 has
to be assumed in the order of roughly 10~'# s, which is close to
the inverse Debye frequency [46]. In case of 7o = 10~ !* s, a D*
parameter of 24.9 is reached. However, variations in 7 alter D*
and 7y massively without degrading the overall fit quality, as
illustrated in figure 3 for 7o = 10~ '2. As the precise 7 value
of a particular liquid is not accessible, the comparability of
VFT fits of different systems in the timescale regime remains
questionable.

To allow a determination of m-fragilities independent from
these difficulties, linear Arrhenius-like fits of logo(74) are per-
formed. Figure 4 shows the respective fits in an Angell plot
with the assumption of 7(7';*) = 100 s. The linear curves are
extrapolated to allow the definition of m, outside the MDSC
data range as listed in table 1.

All MDSC results established in this work are further
compared to equilibrium viscosity data published in ear-
lier fragility studies [13, 39, 44]. In these works, thermo-
mechanical analysis (TMA) with an isothermal three-point
bending setup was used to define the temperature dependence
of the equilibrium viscosity of the supercooled liquid 7 in the
vicinity of the glass transition. The 7., data was fitted using
the VFT equation. In the viscosity regime, an alloy-specific
determination of the pre-exponential factor 7y is possible
according to
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Figure 5. MDSC dynamic glass transition data (orange circles) and
T'-shift thermal glass transition data (blue triangles, only for

Pty 5Cuy7Nig sP5) aligned with isothermal equilibrium viscosities
obtained by isothermal TMA (black squares) for (a)
AuggAgs sPda 3Cun9Sii63, (b) PlazsCu7Nig sPyy, and (c)
Pd43Cuy7NijoPy. VFT fits for all three measurement methods are
given and show good agreement.

where £ is the Planck constant, Ny the Avogadro constant,
and vy, the molar volume of the liquid [47]. For all present
compositions, 7y is calculated as 4.0 x 107> Pa s [13,
39, 44].

In addition, calorimetric 7'-shift measurements are avail-
able for the Pt4» 5Cu,7Nig 5P>; alloy [13]. This approach quan-
tifies the dependence of the fictive temperature 7; on the
applied rate of temperature change. From the measured ther-
mal glass transition width and the rate, a set of transition
times 7, is calculated that describes the average times needed
to unfreeze the glassy state into the supercooled liquid state
during scan conditions [13, 25].

According to the Maxwell equation, equilibrium viscosity
and (shear) relaxation time are proportional to each other via
the high frequency shear modulus G, [48] according to
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Based on this relation, the timescale data sets obtained by
MDSC (7¢) and T'-shift () [13] are transformed into the vis-
cosity domain. Equations (5) and (7) are combined to fit the 7
data with fixed VFT parameters (D", T, 1) of the 1¢q(7') fits
reported in [13, 39, 44], leaving only G as a free fitting param-
eter. Through the fit procedure, optimized scaling factors for
MDSC relaxation times (G, 4—,) and T'g-shift transition times
(Gry—y) are generated to allow a direct alignment with TMA
equilibrium viscosities. ‘T'his way, the temperature dependen-
cies, and therefore the fragilities, of the different data sets can
be compared directly by eye or by using the VFT equation as
shown in figure 5. It has to be stated that G4, and G,
differ from the high frequency shear modules G, by about
two orders of magnitude, which is further discussed in refer-
ences [13,22, 39, 49]. Table 1 lists all G, 4, and G, scaling
factors, the VFT fit parameters of TMA, MDSC and T',-shift
obtained in the viscosity regime, and the resulting m-fragilities
(my;, mq, and m,) defined at T,* = T(10'% Pa s).

Discussion

For an appropriate observation of the dynamic glass transi-
tion T4, several aspects need to be considered. First of all,
a linear response of the investigated system has to be assumed
to allow direct interpretation of data. This condition is ful-
filled if the temperature fluctuations, caused by the periodic
perturbation (with the temperature amplitude Ay), are small
enough to have a negligible influence on the observed process
as discussed in [40, 50]. For MDSC applications, temperature
amplitudes up to 1 K are widely accepted to sufficiently ful-
fill the linear response condition [33, 51] and are frequently
applied for MDSC analysis [24, 29, 34, 36]. The A7 = 0.5 K
used in this study is therefore assumed to satisfy the linear
response criterion, too. Furthermore, the measurement win-
dow to study Ty is limited by technical aspects as well as
by the thermophysical behavior of the sample itself. The used
TA Instruments Q100 DSC can provide periods between 10
and 200 s. Shorter periods would tend to create g(f) max-
ima too high to be realized by the heat flux DSC device.
Also, thermal lag between sample and temperature program
would increase massively [52]. However, the measured 7 g
for P = 10 s and other short periods align well and show
no noteworthy outliers in comparison to other data points,
as can be seen in figures 3 and 4. Here, the quality of the
measurement benefits from the fact that BMGs as metallic
materials have higher thermal conductivity than e.g. polymers,
therefore facilitating the thermal equilibrium between sample
and applied temperature program and reducing thermal lag
issues.

Regarding the upper limit of periods, two aspects shall be
considered. At first, the overlap of thermal and dynamic glass
transition for high periods, as described in the results section
and illustrated in figure 2(b), has to be briefly discussed.
T q reflects the structural a-relaxation as an equilibrium pro-
cess and should therefore be determined in the thermally

provided equilibrium supercooled liquid state, i.e. at tempera-
tures above the thermal glass transition region. Upon heating,
the shape and position of the dynamic glass transition event
can be altered by the appearance of the thermal glass transition,
which is determined by the thermal history of the previously
glassy sample, see reference [38]. MDSC Ty 4 measurements
in literature are therefore often found to be performed during
cooling of the supercooled liquid, thereby lowering the proba-
bility of an interference with non-equilibrium effects [20, 36,
53]. Second, the relaxation time spectrum and consequently
the average relaxation time change continuously due o the
non-isothermal conditions of the measurements. Moreover, the
Fourier analysis of HF,0q(f) incorporates the (sliding) time
window of the recently elapsed modulation period to allow
the calculation of HF,.,(T'), as stated in the results section. So
strictly speaking, the dynamic glass transition in HF,.,(7') is
determined by not only one discrete, but by a superposition of
changing average relaxation times. This results in a ‘smearing’
of the timescale associated with the respective dynamic glass
transition. Sequences with short modulation periods are less
affected by this issue, as opposed to large periods like of
P =150s and gy = 1 K min~! in this work, where the Fourier
analysis range extends over 2.5 K.

With these two aspects in mind, the interference of ther-
mal and dynamic glass transition on the one hand and the
smearing effect on the other hand, no striking discrepancies
are observed in figures 3 and 4, where the data points of longer
periods align well with those of shorter periods. Nonethe-
less, both aspects may induce gradual changes that are hard
to detect. The decrease of the underlying rate to 0.1 K min~!
shifts the measurement further towards quasi-isothermal
conditions and therefore allows to verify the 1 K min~!
data in terms of the addressed issues. Accordingly, thermal
and dynamic glass transition appear to be clearly separated
even for the highest applied period of 150 s as illustrated in
figure 2(b). Also, the smearing effect is reduced due to the
fact that for P = 150 s, a temperature range of only 0.25 K
is utilized for Fourier analysis. The quality of the received
Tyq data benefits from the lower go in that smaller offsets
between values defined in heating and cooling can be found,
see figure 2(c), reflecting the quasi-isothermal measurement
conditions. Even though small differences in the absolute tem-
perature values are found, the temperature dependencies (lin-
ear fits in figure 2(c)) of the heating or cooling 7', 4 data sets for
go=1Kmin~' and go = 0.1 K min~' are basically identical.
Nevertheless, measuring all three alloys and periods with go =
0.1 K min~! would entail some disadvantages. Due to the less
stable supercooled liquid state of AugoAgssPds3Cuz69Si163,
the dynamic glass transition for shorter periods would more
likely overlap with the onset of crystallization. Furthermore,
the overall measurement time would increase (by one order
of magnitude) as well as the material mass needed to com-
pensate for the worse signal-to-noise ratio, see the HF o (7')
signal in figure 2(b). Thus, the practice of averaging the
Tgq values of a heating-cooling sequence with 1 K min~!
used for further investigations can be seen as acceptable
and practical, at least for the period range applied in this
work.
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The first approach to quantify fragility by means of the
MDSC data sets is done by determining the fragility m, in
the timescale regime as shown in figure 4. The linear fit lines
show satisfying agreement since for the short data range of
about 15 K, see table 1, the overall super-Arrhenius tem-
perature dependence of 74 can be considered as negligible.
Pd43Cuy7NijgPy is found to be the most fragile system, fol-
lowed by Pty 5Cu,7Nig sP,; with a slightly stronger fragility,
and AuygAgs sPd; 3Cu269Si163 is finally determined as the by
far strongest system with the lowest m,. This hierarchy is

tha comia oo Fanind far 22 dafinad o vicancity mangieramiantg
tnc samc as 1ounda 101 71, GCnnca vy VisCosily mcasuiCineints

in literature [13, 39, 44], as listed in table 1. Albeit, the m,
values are about 20% higher (i.e. more fragile) than the m,
results. This effect can be tracked back to the different 7's*
values used for m, and m, that show offsets of up to 20 K,
see table 1. Here, the common definition of 7eq(T,*) = 10!
Pa s in the viscosity regime does not agree well with the fre-
quently used timescale definition of 7(7¢*) = 100 s. Angell
already mentioned this discrepancy between quite fragile ionic
and molecular liquids on the one hand and oxide glass for-
mers on the other hand, for which the traditional notion
of 7eq(T") = 102 Pa s is appropriate [54]. Furthermore,
it should be mentioned at this point that the linear fits in
figure 4 are extrapolated to allow the determination of m. The
super-Arrhenius temperature dependence of 74 is therefore
neglected in an increased temperature span, leading to an addi-
tional systematic error. In conclusion, Arrhenius-like fitting to
determine a m-fragility may be a straight forward and often
applied method, but it finds its limitations when comparing
different measuring techniques with heterogeneous definitions
of Ty".

From these difficulties the need of a more substantiated
comparison of data sets arises. Figure 4(a)—(c) illustrate all
timescale data from MDSC and, in case of Pty sCuy7Nig 5Py,
T,-shift data, aligned with TMA equilibrium viscosities as
described in the results section. The MDSC data almost per-
fectly aligns with the equilibrium viscosities, confirmed by
the resulting VFT-TMA and VFT-MDSC fits that are in good
agreement. Consequently, the previously discussed discrep-
ancy of m-fragilities is resolved by determining them in the
same domain and with the same definition of T,*, as shown
in table 1 for the almost identical m, and mgy. Although the
temperature range of 7'y data points is only about half the
size of the 7., data range, similar fitting errors are found,
caused by the low scatter among the MDSC results. 7, and
T4 are comparable to each other in that they directly char-
acterize the equilibrium SCL state [33, 55]. In contrast, the
T,-shift method relies on measuring the rate dependence of
the thermal glass transition, which does not directly describe
the equilibrium state but the transition kinetics between equi-
librium and non-equilibrium, i.e. the glass. Yet, according to
the Frenkel-Kobeko—Rainer (FKR) relation [33, 56], dynamic
and thermal glass transition are related to each other in the way
that during cooling down from the SCL state with the rate ¢,
the relaxation time at the thermal glass transition, 74(7'g), is
inversely proportional to g via a scaling factor C:

q 74 (Tes) = C. ®)

The present T'-shift measurements of Pty; 5Cuy;Nig 5Py,
show overall agreement with TMA and MDSC results. Yet,
slightly diverging VFT parameters as well as relatively high
data scatter and fitting errors are present, see figure 4(b)
and table 1. Here, one possible origin could be the rather
error-prone analysis procedure that relies on defining the
onset and end of the thermal glass transition event by
tangents [25]. In direct comparison, the distinctly lower
scatter observed for MDSC data sets most likely has its
origin in the Fourier analysis of HF,4(7) that incorporates a
wholc modulation period as cxplained in the results section.
This leads to a smooth HF,.,(7) signal, see figure 2, which
allows an unambiguous quantification of the dynamic glass
transition event. Furthermore, proper T,-shift measurements
require a thermal standard treatment of every sample to create
a glassy state with a defined thermal history [25]. As shown
for the AuggAgs sPdy 3Cus9Sise3 alloy, MDSC T, ¢ measure-
ments require no such pretreatment to obtain a trustworthy
fragility determination, provided an appropriate parameter set
is applied as previously discussed. This can be an advantage
especially for BMG formers with rather short SCL regions [5,
6, 57].

The present MDSC analysis was performed using the
HF,.y/HFonrev approach, which is the procedure originally
preferred by the manufacturer of the used Q100 DSC, TA
instruments. In various recent studies, the phase lag between
thermal perturbation ¢(f) and heat flow response HF,,,4(?) is
further taken into account [20, 33, 50, 53]. This allows for an
analysis in terms of a complex heat capacity C,*(T'), in anal-
ogy to other modulated techniques like dynamic-mechanical
analysis [9, 23, 41, 58] or dielectric spectroscopy of polymers
[20, 59, 60]. To our knowledge, a systematic comparison of
the HF,.y/HFonrey and the complex heat capacity approach
for MDSC measurements on metallic glasses is still to be per-
formed. Furthermore, the rise [61, 62] and commercial avail-
ability [63] of fast differential scanning calorimetry (FDSC)
make it possible to massively enhance the data range for ther-
mal T,-shift measurements [64, 65] but also for modulated
applications [66] in the future.

Conclusion

Modulated DSC scans on three different BMGs formers were
performed with periods between 10 s and 150 s. An underly-
ing temperature change rate of 1 K min~! was found to pro-
vide satisfying results. Arrhenius-like fitting of the achieved
average relaxation time data allows to qualitatively define and
compare fragilities of different systems, but exposes method-
ical difficulties when compared to fragility results defined
by other measurement methods. To overcome such problems,
direct alignment of data sets from different techniques is found
as an able tool and illustrates the good quantitative agree-
ment between MDSC and e.g. thermomechanical viscosity
analysis. MDSC fragility determination requires substantiated
selection of measuring parameters to allow reliable results
but offers several advantages over other well-established
methods like thermal glass transition shift measurements or
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thermo-mechanical analysis, in particular faster data acquisi-
tion and less scatter-afflicted results.
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Abstract of the article

Since several decades, the dynamics and vitrification kinetics of supercooled liquids are
the subject of active research in science and engineering. Profiting from modern detector
technology and highly brilliant fourth-generation synchrotron radiation, we apply
temperature scanning X-ray photon correlation spectroscopy (XPCS) to probe the
dynamics of a Pt-based metallic glass former in the glass, glass transition region, and
supercooled liquid, covering up to six orders of magnitude in timescales. Our data
demonstrates that the structural a-relaxation process is still observable in the glass,
although it is partially masked by a faster source of decorrelation observed at atomic
scale. We present an approach that interprets these findings as the superposition of
heterogeneous liquid-like and stress-driven ballistic-like atomic motions. This work not
only extends the dynamical range probed by standard isothermal XPCS but also adds a
different view on the a-relaxation across the glass transition and provides insights into
the anomalous, compressed temporal decay of the density-density correlation functions

observed in metallic glasses and many out-of-equilibrium soft materials.
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Since several decades, the dynamics and vitrification kinetics of supercooled
liquids are the subject of active research in science and engineering. Profiting
from modern detector technology and highly brilliant fourth-generation syn-
chrotron radiation, we apply temperature scanning X-ray photon correlation
spectroscopy (XPCS) to probe the dynamics of a Pt-based metallic glass former
in the glass, glass transition region, and supercooled liquid, covering up to six
orders of magnitude in timescales. Our data demonstrates that the structural
a-relaxation process is still observable in the glass, although it is partially
masked by a faster source of decorrelation observed at atomic scale. We
present an approach that interprets these findings as the superposition of
heterogeneous liquid-like and stress-driven ballistic-like atomic motions. This
work not only extends the dynamical range probed by standard isothermal
XPCS but also adds a different view on the a-relaxation across the glass tran-
sition and provides insights into the anomalous, compressed temporal decay
of the density-density correlation functions observed in metallic glasses and
many out-of-equilibrium soft materials.

When a liquid is undercooled, it changes from a stable to a metastable by Austen Angell's famous fragility concept' that categorizes liquid
equilibrium state. Its structural dynamics undergo a drastic slowdown dynamics by their deviation from an exponential, Arrhenius-like tem-
over several orders of magnitude. The temperature dependence of this  perature dependence. The dynamic slowdown of undercooled liquids is
slowdown can differ significantly among different systems, as described  the precondition that eventually results in vitrification, where the liquid
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‘falls out of equilibrium” and forms a non-ergodic, non-equilibrium glass.
In other words, liquid dynamics predetermine vitrification kinetics.
Hence, understanding the nature of the dynamic slowdown and fragility
is of fundamental relevance for glass science and industry-relevant
aspects like e.g., the glass forming ability of a given system.

A mighty tool to determine the dynamics of disordered materials
is X-ray photon correlation spectroscopy (XPCS), a time-resolved
experimental approach? that uses monochromatic and coherent syn-
chrotron radiation. Coherent diffraction on amorphous matter creates
a speckle pattern that reflects the configuration of the microscopic
ensemble in the probed sample volume. Temporal changes in the
microscopic configuration induce changes in the speckle pattern and
accordingly, the correlation between two speckle patterns will decay
with growing temporal distance. Analyzing the intensity autocorrela-
tion function thus allows us to determine microscopic relaxation
times. XPCS studies that resolute the atomic-scale dynamics of metallic
glass formers require highly brilliant radiation to compensate the weak
scattering signal of these amorphous materials and are therefore only
possible since about one decade’. While the signal-to-noise ratio and
detector technology limited the exposure time to several seconds in
earlier studies®’, recent advances allowed exposure times in the sub-
second regime'™,

While some non-isothermal XPCS approaches can be found in
literature™%, XPCS studies on metallic glass formers are usually mea-
sured under isothermal conditions. In the present study, we instead
perform temperature scanning XPCS, where the temperature is chan-
ged continuously with a constant rate. In order to do so, we use the
high flux available at the ID10 beamline of the fourth-generation Eur-
opean Synchrotron Radiation Facility (ESRF) after the Extremely Bril-
liant Source (EBS) upgrade'**’. The test subject of this work is the
Pt4,.5Cuy7Nig 5Py alloy?. Its excellent thermal stability against crystal-
lization previously allowed our groups to investigate the supercooled
liquid (SCL) dynamics through isothermal XPCS experiments®”. The
present work extends these studies by slowly heating and cooling the
sample through the glass, the glass transition, and the SCL state.

In the equilibrium SCL, the decay of the obtained intensity auto-
correlation functions can be modeled accurately by a conventional
Kohlrausch-Williams-Watts (KWW) equation with stretched shape,
which reflects the heterogeneous, liquid-like atomic motions of the a-
relaxation process, as previously observed by isothermal XPCS®. Fur-
thermore, the temperature dependence of the determined relaxation
times is found to mimic the alloy’s fragility measured by macroscopic
viscosity measurements®. A different picture arises in the non-
equilibrium state, i.e., in the glass and the glass transition region.
Here, the conventional KWW fit fails to describe the decay of the
intensity autocorrelation functions. Instead, we successfully model the
complexly shaped decorrelation through a multiplication of two KWW
functions. One of these features a stretched shape (KWW shape
exponent <1), while the other one features a compressed shape (KWW
shape exponent >1).

Based on the long-standing concept of spatially heterogeneous
dynamics, we offer a scenario that explains these findings through two
different but simultaneously occurring types of atomic motion. More
precisely, we interpret the vitrification process as the interlocking of
nm-scale regions with slower dynamics, so termed ‘rigid domains’. This
Jjamming-like effect results in volumetric frustration and internal stress
gradients, which induce ballistic-like ‘microscopic drift’ movements
with a typical compressed decorrelation footprint. On the other hand,
we attribute the stretched decorrelation component to atomic
motions related to the liquid-like a-relaxation, which remains partially
active in the non-equilibrium. The superposition of these two types of
atomic motion finally creates the complex decorrelation shape
observed in the non-equilibrium states.

Results

A first overview of the temperature scanning XPCS results

The thermal program applied during the XPCS experiments consists of
a heating scan and a subsequent cooling scan, both performed with a
rate of 0.0167Ks™ (IKmin™). It is retraced ex-situ by differential
scanning calorimetry (DSC) and the obtained heat flow signal is shown
in Fig. 1A. The initial heating of the as-spun ribbon sample starts in the
glassy state, passes the glass transition region between 500K and
525K, and enters the SCL state until the maximum temperature of
548K is reached. In the cooling scan, the sample is cooled until vitri-
fication occurs between 521 K and 490K, finally reentering the glassy
state. Accordingly, the thermal ranges of the glass, glass transition, and
SCL regions are distinguished by gray, light gray, and white back-
grounds to guide the eyes in Fig. 1A.

Two time correlation functions (TTCFs) and intensity auto-
correlation functions, g, are evaluated in subsequent batches of 240's
duration, as further explained in the “Materials and Methods” section.
To provide an overview, we focus on six of these evaluation batches in
the following, numbered from Bl to B6. They are located at repre-
sentative temperatures in the glass (480K), glass transition (510 K),
and SCL (541K) upon heating and cooling, as indicated in Fig. 1A. The
corresponding TTCFs are shown in Fig. 1B to give a first graphical
impression of the evolution of dynamics during the temperature
scanning procedure. Warm colors depict high intensity-intensity cor-
relation between two experimental times ¢; and &,, whereas cold colors
describe low correlation. As expected, decorrelation accelerates with
rising temperature, which is graphically represented by a clear nar-
rowing of the warm-colored stripe along the diagonal of the TTCFs.
The g, data in Fig. 1C, D mirrors this trend by showing faster decays at
higher temperatures, indicating an overall acceleration of dynamics
due to increased thermal motion.

Conventional KWW fitting in the equilibrium
In liquids, the temporal decay of the intermediate scattering function
(ISF) and the related g; function is usually described by a KWW

function”
B
l81(0| =fexp (f (3) ) <1>

and since g; and g, are connected through the Siegert relation**”,

&O=b+c|g©Of ©)

it follows that the intensity autocorrelation function can be modeled as

8,(H)=b+cexp (—2 (g)ﬂ)

where f is the non-ergodicity parameter, T is the relaxation time, f is
the shape exponent, c is the experimental contrast, and b is the
baseline value. The resulting KWW fits of the g, data are displayed by
black solid curves in Fig. 1C, D. In the SCL state (B3 and B4), the KWW
function models the stretched decay of g, quite satisfactorily, in
agreement with previous findings®>%, A different picture arises in
the non-equilibrium, i.e., in the glass transition and glass region (B1, B2,
BS, and B6), where the KWW fits clearly fail to describe the complex
shape of g,. More precisely, the initial parts of the g, data, roughly the
first three decades in timescale, from 0.01 to 10s, behave more
stretched than the overall KWW fit curve, while the later parts appear
more compressed. Hence, we observe a kind of ‘cut-off’ behavior,
where an initially stretched decay abruptly changes into a more
compressed appearance.

3
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Fig. 1| Applied thermal program, representative TTCFs and g, curves, as well
as different fitting approaches. A Exsitu differential scanning calorimetry (DSC)
scans retrace the 0.0167 K s™ heating-cooling protocol applied for the X-ray pho-
ton correlation spectroscopy (XPCS) measurements. The three thermal regions,
namely glass, glass transition, and supercooled liquid (SCL), are distinguished
through shaded backgrounds. Furthermore, circles highlight the temperatures of
six representative g, evaluation batches, numbered from B1 to B6. B The two time
correlation functions (TTCFs) of these six g, batches illustrate the accelerating
dynamics with increasing temperature. Each TTCF includes information stemming
from 24000 frames. For their respective color bars, see Supplementary Fig. 9 in the

10°

t(s)

SI. The corresponding intensity autocorrelation functions are further given in

(C, D). Each g data set consists of 96 mean value data points, the error bars
represent standard deviations. The Kohlrausch-Williams-Watts (KWW) fits and
KWWy fits are shown as black and green lines, respectively. Both fit approaches
provide satisfying and similar results in the SCL state (B3 and B4), but while the
KWW approach fails to describe the shape of the g, decorrelation in the glass and
especially in the glass transition region, KWWy, 1 provides meaningful results (B1,
B2, BS, and B6). The fit parameters of the shown KWW and KWWy curves can be
found in Fig. 3.
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On the multiplicative KWW fitting used in the non-equilibrium
Previous XPCS studies revealed that metallic glass formers show
an anomalous crossover in their microscopic dynamics. While the
metastable equilibrium SCL phase typically features stretched
decorrelation with B values below 1°'>*?°*’, compressed decorr-
elation with B values above 1 is found in the non-equilibrium
glass?>?1214262531 Yet, a failure of the KWW model due to the
complex superposition of stretched and compressed components
as observed in the present work is, to our best knowledge, a fea-
ture that has not been reported so far. We attribute this observa-
tion to the fast exposure time of 0.01s, which allows us to explore
almost five orders of magnitude in timescale and to observe the
glass transition upon temperature scanning as a gradual crossover
between liquid-typical stretched and glassy-typical compressed
decay. Earlier XPCS studies at third generation synchrotrons
were technically limited to exposure times in the order of
seconds™*7710:2628:30.32734 therefore lacking the temporal resolution

to detect such features. It shall be furthermore mentioned that
macroscopic approaches like e.g., stress relaxation measurements
usually do not feature compressed decays® ¥, albeit exceptions
were recently reported™.

The complex decorrelation behavior in the non-equilibrium asks
for an adapted fitting approach. In general, the temporal decorrelation
of the ISF results from all the relative positional changes Ar;_y(t) =
r;(t) — r(0) between all scattering particles N that occur within the
time coordinate t***%

g0« (3,3 GO a O exp(-iq b)) @)

where a; and a are the scattering factors of the respective particles.
SCLs are well-known to feature heterogeneous dynamics, which
implies large spatial and temporal fluctuations in Ar;_(t)***. Hence,
the ISF decorrelation incorporates a broad distribution D(t) of
exponential relaxations g, (t)= exp(—t/7’) extending over several
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decades according to
0= [ g0 ®

and eventually, this leads to the liquid-typical stretched exponential
shape***,

Yet, compressed decorrelation cannot be explained by a dis-
tribution of exponential contributions. In this case, some models have
demonstrated that stress-driven particle rearrangements can produce
a compressed decay of the ISF*°. Our ansatz will be the following: In the
non-equilibrium state, the scattering particles can be subjected to two
different types of motion, one liquid-like leading to a stretched dec-
orrelation component (index S) and another one resulting in a com-
pressed decorrelation component (index C), which is activated once
the system is rigid enough to build the necessary stresses.

The relative positional changes of particles, therefore, result from
a sum of these two types of particle movement, Ar;_ (t)=Ar;_ s(t) +
Ary_y c(t). Hence, it follows from Eq. 4 that the global g; function canbe

approached by a factorization**" as

2 2 2
g1 =1g1. 501" lgrc O] ©®

Regarding the Siegert relation in Eq. 2, a multiplicative KWW fit
function unfolds for the observed g, decay, termed KWWy, in the
following:

t\Ps £\ Pe
82Oy = b+cexp (—2 (T_S> ) exp (—2 (E) ) @

The KWWy i fits of the six representative evaluation batches are
shown in Fig. 1C, D as green solid lines. In the SCL state (B3 and B4), no
significant increase in fit quality is gained by changing from conven-
tional KWW to KWWy 1, since both approaches create practically
overlapping curves. This changes drastically in the glass transition
region (B2 and B5), where KWWyy. 1 provides adequate fitting while
the conventional KWW fails to do so. In the glassy state (Bl and B6), the
misfit between g, data and KWW fit might be less distinct than in the
glass transition region, but still, KWWy, 1 allows for more accurate
fitting of the data.

Figure 2 focuses on batch BS located in the glass transition region
upon cooling to provide an in-depth comparison of the suboptimal
KWW fit (black curve) and the well-functioning KWWnuimi (green
curve) approach. The orange and purple dashed curves depict the two
components of the KWWy, 1 fit, KWWs as well as KWWc. Here, the
rather fast (r=133s), but also highly compressed (8=1.61) KWWc
provides almost no decorrelation in the first three decades below 10 s.
This leads to the apparently counterintuitive result that the short-time
domain is rather dominated by the slow (7=3423s), but quite stret-
ched (8=0.33) KWWjs (orange arrow and background). It is only after
the initial 10 s that the compressed KWW gains momentum. After 57's,
it overcomes KWWs and starts to dominate the overall g, decay,
allowing to describe the cut-off appearance (purple arrow and back-
ground). Here, it shall be mentioned that the factorization in Eq. 6 is
strictly valid only if the timescales of the two motion types are suffi-
ciently different from each other*’ and, therefore, one of the two
processes clearly dominates the decay. Hence the KWWy i model
will be an accurate approach in the short time region, the first three
decades in Fig. 2, where only the fast time portion of the broad
relaxation time distribution underlying the stretched decay con-
tributes to the heterogeneous ISF. In the rather narrow timescale
region dominated by the compressed cut-off decorrelation, the two
sources of motion cannot be precisely disentangled, and the multi-
plicative approach should be interpreted as a functional shape that can

adapt to model the structural dynamics participated by both sources
of motion.

For the sake of completeness, we want to note that a compressed
decay in g can also stem, in principle, from a macroscopic sample
movement relative to the incoming photon beam, called transit
decorrelation*°. Indeed, the constant temperature change of the
temperature scanning method implies a corresponding thermal
expansion of the measurement setup, which could cause such an
artifact. Yet, we estimated this effect based on the conditions of the
given experimental setup and found it to be negligible, as further
explained in the Supplementary Information (SI).

Comparing conventional and multiplicative KWW fitting results
Introducing additional fit parameters, and, therefore, additional
degrees of freedom, to a fit function easily improves its adaptivity
towards a given data set. To validate the physical meaning behind the
fit results, Fig. 3 compares 7 and S values obtained from conventional
KWW and KWWy, 1; during both, heating and cooling. Again, the ex-
situ DSC scans are provided, see Fig. 3A, D, and the thermal ranges of
the glass, glass transition, and SCL regions are separated by gray, light
gray, and white backgrounds. For reasons of clarity, fit results are only
displayed in the temperature regions where they appear meaningful.
Hence, the KWW results are only shown in the SCL state, while the
KWWpyumi data is limited to the glass and glass transition region.
Nevertheless, the complete data sets over the full temperature range
can be found in Supplementary Fig. 2 in the SI.

Upon heating in the glass and through the full glass transition
region, 7c in Fig. 3B features a glass-typical weak temperature depen-
dence in agreement with previous works>*%., While ts is roughly in the
order of 7¢ at lower temperatures in the glass, it departs from 7c at
about 480 K and starts to rise. We interpret this as aging behavior, the
onset of major structural rearrangements in the proximity of the glass
transition and the consequent relaxation of the system towards the
SCL upon heating with a rate much slower than the fast quenching
used to produce the as-spun glass>*2. The DSC scan in Supplementary
Fig. 3 in the SI further supports this interpretation. It shows a massive
exothermal signal below the glass transition, which is a well-known
indication for aging. 75 reaches a maximum in the initial part of the
calorimetric glass transition at about 506K and then adopts a steep
negative temperature dependence, hence, approaching a liquid-like
trendline. When entering the SCL, 7¢ and 7s merge into the conven-
tional KWW 7 curve, which continues the liquid-like temperature trend
previously seen for 75 to finally reach values as fast as 0.2s at the
maximum temperature. The shape exponents B¢ and Ss depart dras-
tically in the glass and glass transition region. With values in the order
of 2, Bc is highly compressed, but abruptly drops to values around
unity when reaching the SCL state. In contrast, s features stretched
values between 0.35 and 0.7 in the whole observed temperature range.
In the glass, it shows a slight downwards trend with rising temperature.
Yet, at 506K, the temperature at which 75 enters the liquid-like
trendline, s also starts to feature a faint upwards trend, which is in
agreement with previous data obtained in the SCL by Neuber et al.”.
This temperature behavior of s also resembles the one observed in
macroscopic stress relaxation dynamics®. As an additional verification,
KWW and KWWy fitting were also tested with fixed 8 and Ss values
to decrease the number of parameters in the fitting routine and
improve the level of confidence. Although the general interpretation is
not affected, these approaches provided less optimal results as they do
not take into account the small but relevant temperature trends of
these shape exponents in the probed Pt,, sCux;Nig sP5; alloy” (see also
Supplementary Fig. 8 and the related discussion in the SI).

Regarding the results of the cooling scan in Fig. 4E, F, the rand 8
values obtained in the SCL state basically show the similar temperature
trends as during heating. When entering the glass transition region, 7¢
and 75 again decouple drastically. While 7 changes to a glass-typical,
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Fig. 2 | The KWWy, 1 fitting approach in detail. Intensity autocorrelation
function of the representative batch B5, located in the glass transition region upon
cooling (510.3K) as indicated in Fig. 1. The data set consists of 96 mean value data
points, the error bars give the standard deviations. The black solid curve represents
the conventional Kohlrausch-Williams-Watts (KWW) fit, which fails to describe the
cut-off shape of the g, decorrelation. Instead, the KWWy, 1 fit (green solid line)
describes the decay exceptionally well. It results from a multiplication of a stret-
ched (KWWs) and a compressed (KWWc) component (orange and purple dashed
lines). While KWWs dominates the KWWy, 1 fit roughly within the first 57 s (orange
background and arrow), KWWc dominates at longer timescales (purple back-
ground and arrow), thereby creating the apparent cut-off appearance.

nearly temperature-insensitive course, 7s follows the liquid-like
trendline until the end of the glass transition at about 490K, where
it finally leaves the equilibrium course at high values in the order of
10°s. The decoupling is simultaneously observed in the shape expo-
nents. B¢ rises to highly compressed values of about 2, while s keeps
slightly decreasing with temperature until reaching values as low as 0.3
when the glass is approached. Comparably low values of the stretching
exponent in well relaxed metallic glasses are found in macroscopic
relaxation dynamics and simulations®*’.

Overall, the astonishingly good temperature agreement between
calorimetric signals and changes in the KWW and KWWy, 1; fitting
parameters shall be emphasized, especially concerning the thresholds
between glassy state, glass transition region, and SCL. These findings
speak in favor of the applied temperature correction procedure, which
is described in the “Methods” section and in the SI.

Additive KWW fitting as an alternative in the non-equilibrium

It is important to stress that the presence of multiple dynamical con-
tributions in the ISF can be modeled also with a sum of two KWW
expressions (further termed KWWpp) with comparable accuracy, and
that the discrimination between KWW,pp and KWWyt is not
straightforward. In literature, KWW, pp, is usually employed when the
timescales associated with the two processes are sufficiently sepa-
rated, resulting in a split of the correlation curves into two distinctly
separated parts and creating a step-like appearance in the decay"*'~>*
Yet, this is not observed at the atomic length scales probed in our
present experiments, since we only see (cut-off) single decays as
shown in Fig. 1 and Fig. 2. By its mathematical construction, KWW pp
therefore locates the timescale of the stretched component (75 app) at
nearly equal or shorter times than found for the compressed compo-
nent (7c,app), see Suppementary Fig. 7 in the SI. Consequently, the
main difference between KWW,pp and KWWy, 1 is based on the
temperature evolution of 7sapp, Which features rather unphysical

activation energies in the non-equilibrium glass transition and glass
region. As discussed in detail in the SI, we therefore believe that the
multiplicative model is more appropriate to describe the current data.

A comparison with macroscopic fragility measurements

An option to validate the temperature scanning XPCS method is to
evaluate if it arrives at the same SCL fragility as determined by other
experimental approaches. For this purpose, Fig. 4 compares the
present KWW-fitted 7 results to their equivalents from isothermal
XPCS by Neuber et al.” as well as to equilibrium viscosities stemming
from thermomechanical analysis (TMA) by Gross et al.”>. To allow a
direct comparison in the same physical quantity, the relaxation times
are converted into viscosity values, n(z), using the Maxwell relation
n=G 1" (G being a shear modulus) and the cooperative shear model
(CSM)*>*, as explained in detail in the “Methods” section. The data
sets show broad agreement and obey the same CSM fit curve (black
line), demonstrating their basically identical temperature depen-
dence, i.e., fragility. This demonstrates that temperature scanning
XPCS can provide substantial results on par with isothermal XPCS"
and macroscopic approaches like the here shown TMA* or also
calorimetry””’.

The 75 data from the KWWy, 1 fitting are also converted into
viscosities, 1(zs), and aligned in Fig. 4. n(ts) follows the CSM fit and the
course of the TMA equilibrium viscosities throughout most of the glass
transition region upon heating and cooling, as indicated by the arrows.
This behavior confirms a trend already observed in Fig. 3, which is the
KWWSs component extrapolating the liquid-like dynamics from the
equilibrium SCL state into the non-equilibrium glass transition region.
During cooling, signs of vitrification can only be observed in the glass
region, where 75 leaves the equilibrium trendline. Upon heating, the
KWWs component reflects aging of the relatively unstable as-spun
glass, as 7 gradually evolves towards the equilibrium trendline. Hence,
KWWs can be seen as the KWWy, 11 component that thaws first during
heating and freezes last during cooling.

Finally, it shall be noted that instead of using the KWW relaxation
times, the comparison between equilibrium viscosity and XPCS results
can be also validly established using the average relaxation time <>,
see Eq. (9) in the “Methods” section. This property combines the 7 and
B parameters from the KWW functions into a timescale parameter that
also includes information about the shape of the decorrelation and
hence, about the relaxation time distribution D(1’). We see in Fig. 4 that
n(<r>) and n(<r>s) behave practically identical to n(z) and n(ts), as the
respective data sets show large overlap.

Discussion

The shape exponents 8 and fs in Fig. 3C, F feature values distinctly
below unity that reflect the stretched exponential decay typical for the
heterogeneous nature of supercooled metallic glass forming
liquids®**>*°, Furthermore, B and Bs decrease with decreasing tem-
perature, as previously observed in the isothermal XPCS studies by
Neuber et al.”>. While the origin of this well-known temperature trend
in the shape exponent is still subject of vital debates™, it is often cor-
related with liquid dynamics becoming more temporally®®** and
spatially***>** heterogeneous with undercooling. While the former
describes a general, non-localized tendency towards a broadening
relaxation time distribution, D(T') (see Eq. 5), the latter specifically
refers to spatial fluctuations in the dynamics*“>. Voyles et al. recently
used novel electron correlation spectroscopy (ECS)** to image such
spatio-temporally  heterogeneous dynamics in  supercooled
Pts; sCuy47Nis3P22s, an alloy similar to our present system®°, Large
differences in relaxation time of up to two orders of magnitude were
observed between neighboring nm-sized domains, thus, on a length
scale that is typical for the medium range order (MRO). This implies a
sub-diffusive®®”® structural relaxation process that is governed by
cooperative atomic rearrangements and caging effects.
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Fig. 3 | KWW and KWWy, 1 fit results. Reference differential scanning calori-
metry (DSC) scans for heating and cooling are provided in (A, D). The temperature
range is accordingly separated into three regions, glass (dark gray background),
glass transition (light gray background), and SCL (white background).

B, C, E, F compare the relaxation time and shape exponent data resulting from
conventional Kohlrausch-Williams-Watts (KWW) and KWWy, 1 fitting of the g,
data sets (each set consists of 96 mean values). The error bars represent the
standard errors of the fits. As demonstrated in Fig. 1, KWW only provides mean-
ingful results in the SCL state, while KWWy, 1 excels in the glass and glass tran-
sition region but appears redundant in the SCL. Accordingly, the data sets are

480 490 500 510 520 530 540 550

500 510 520 530 540 550
T (K)

reported only for the temperature regions where the different models provide
reliable and more accurate fits (see also Supplementary Fig. 2 in the SI). The KWW
fit parameters in the SCL show typical liquid behavior, namely a steep temperature
dependence of 7 and 8 values below 1. In the glass transition region, the KWWy 1y
approach reveals large differences between its two components KWW and KWWs:
While the KWW, parameters follow glass-typical trends, in particular a relatively
temperature-insensitive course of 7¢ and a highly compressed shape, the KWW
parameters show liquid-like behavior in form of a steep temperature dependence
of 75 and a stretched shape.

480 49

The KWW, component of KWWy, 11 combines non-equilibrium-
associated properties like highly compressed B¢ values and a weak
temperature dependence of 7¢ in the whole glass and glass transition
region, see Fig. 3. KWW therefore exhibits the inverse behavior of
KWWs, as it thaws last during heating and freezes first upon cooling.
Similar compressed decays in photon correlation spectroscopy stu-
dies were first reported for non-equilibrium materials like jammed
colloids, concentrated emulsions, and clays*>***°"”%, Its appearance is
mostly attributed to super-diffusive dynamics in form of ballistic
motions, which manifest as collective, drift-like particle movements
promoted by gradients of internal stresses that arise during jamming
or vitrification®’%”, Later XPCS studies confirmed compressed dec-
orrelation to be also a general feature of vitrified metallic glass

formers®>1*?53° making a similar stress-based origin likely. Purely
ballistic dynamics imply straight particle trajectories that create an
archetypically compressed decay of the ISF with a f value of 250747,
Furthermore, they are characterized by a |q|-dependent relaxation
time according to T o |q|'1(’q. Recent XPCS results by Cornet et al."*
suggest a rather ballistic-like |q|-dependence also for glassy
Pt 5Cuy;Nig sP2;.

To state an interim conclusion, the heterogeneous and likely sub-
diffusive atomic motions of the a-relaxation process seem to survive,
to some degree, in the non-equilibrium, as indicated by the presence of
the typical stretched exponential decay (KWWs). Yet, they appear
superimposed by a second type of atomic motion that is characteristic
for the non-equilibrium state and can be described by the compressed
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Fig. 4 | Fragility comparison. 7, 75,<7>, and <r>¢ data from Kohlrausch-Williams-
Watts (KWW) and KWWy, 1 fitting as well as 7 data from isothermal X-ray photon
correlation spectroscopy (XPCS)" are converted into viscosity values and com-
pared to equilibrium viscosity data determined by thermomechanical analysis
(TMA)*, which serve as a reference. All data sets are described by the same
cooperative shear model (CSM) fit curve, demonstrating that the different methods
observe the same fragility. The start and end temperatures of the glass transition in
the XPCS heating and cooling scans are indicated by red and blue arrows,
respectively.

decay component (KWW¢). This latter process arises from longer
range elastic interactions leading to ballistic-like particle motions,
probably related to intermittent cluster dynamics'’”’%, The question
arises, how these stress-induced ballistic-like motions can be visua-
lized. The present homodyne experiment observes dynamics at the |§
value of the structure factor maximum and therefore probes both, the
self and the distinct part of the ISF*, thus reflecting the temporal
decorrelation of the structure not only at the particle-particle distance
but also on the MRO length scale’. Hence, specific traits of the stress
fields that cause the compressed decay, such as the length and time-
scale of the stress fluctuations, or the intensity of stress gradients,
cannot be straightforwardly quantified from the current observations.
Publications exploring the relation between the particle dynamics and
the homodyne g, function in multicomponent systems in the non-
equilibrium are still scarce”, and therefore, we can only propose here a
qualitative picture.

Nevertheless, many works interpret the glass transition in terms of
heterogeneities in dynamics, structure, and density***>*°%¢ and con-
sidering the earlier mentioned spatio-temporally heterogeneous
dynamics imaged via ECS in a compositionally similar Pt-based
alloy®>®°, such a scenario suggests itself in case of the present
Pt4,.5Cu,7Nig sP,; system. We thus want to offer a picture that identifies
spatial domains with slower relaxation times as the carriers of the
stress-driven, ballistic-like motions. To illustrate our considerations in
detail, we will focus on the cooling scan, where the SCL gently vitrifies
without interfering aging effects as observed during heating. For this
purpose, Fig. 5 connects the representative g, batches B4, BS, and B6
from Fig. 1 with simplified visualizations of the atomic dynamics at the
given temperatures.

Figure 5A sketches the spatially heterogeneous dynamics of the
equilibrium SCL. Here, the liquid-like and likely sub-diffusive motions
of individual atoms are illustrated by orange arrows of varying lengths.
Heterogeneity manifests spatially through nm-sized®*® domains of

diverse mobility, likely corresponding to fluctuations in density or
atomic packing®*®’. Domains with slower dynamics, which will be
referred to as ‘rigid’ in the following, are highlighted by gray shadows
to guide the eyes. In the SCL, the overall fast atomic mobility still
enables the system to compensate perturbations immediately without
‘falling out of equilibrium’. The measured g, decorrelation is of stret-
ched exponential shape, indicating a broad distribution of relaxation
timescales spanning over several decades, and can be fitted by a
conventional KWW model.

With ongoing cooling, the dynamic heterogeneity further
increases®>“® while the overall free volume of the system decreases.
Eventually, this must lead to the glass transition, which is a gradual,
rate-dependent kinetic arrest®*’ that manifests calorimetrically as a
step in the system’s heat capacity beginning at about 521K, see Fig. 1A
and Fig. 3D. It can be assumed that the more rigid domains play a
decisive role in this process, as their slow dynamics likely lend them
rather viscoelastic than liquid-like behavior®, therefore enabling them
to bear certain stresses in a solid-like manner. Hence, we pick up an
approach firstly formulated by M. Cohen and G. Grest® and recently
applied for polymeric melts® and interpret vitrification as an inter-
locking and jamming process of the more rigid domains. The inter-
locked domains then act as a gradually formed backbone structure
that frustrates further volume shrinkage with ongoing cooling, and so,
the system starts falling out of equilibrium. The volumetric frustration
causes stress gradients among the rigid domains, forcing them to
perform (small-scale) ballistic-like collective motions that could be
imagined as drifts or rotations, as illustrated by the purple underlying
arrows in Fig. 5B. A macroscale analogy can be seen in the dynamics of
drift ice, where interactions within densely packed ice floe agglom-
erations (representing the backbone structure formed by jammed
rigid domains) create tectonic motions’’. Eventually, the present
homodyne XPCS experiment detects the velocity gradients* that go
hand in hand with these ballistic-like ‘microscopic drift’ motions in
form of the typical compressed decay modeled by KWWc. Never-
theless, the gradual nature of the glass transition implies that stress-
relaxation also still occurs through liquid-like a-relaxation processes
that remained partially active, and therefore, the KWWs parameters
still follow their liquid-like trends. Accordingly, vitrification is char-
acterized by rivaling types of atomic motions. This is mirrored in the
ISF by different decorrelation components with roughly the same
timescale, finally creating the typical cut-off appearance described by
the KWWyt model.

At about 490 K, the end of the glass transition is reached, where
the heat flow signal approaches the nearly constant glassy level, as
shown in Fig. 1A and Fig. 3D. Here, the last portions of liquid-like o-
relaxation processes become arrested and, therefore, 75 and S finally
start departing from their equilibrium trendlines as seen in Fig. 3 and
Fig. 4. Regarding our qualitative picture in Fig. 5C, the rigid dynamic
backbone has broadly evolved, and stresses mainly relax through
ballistic-like drift motions. Accordingly, the observed g, decorrelation
is dominated by the typical compressed decay.

The vitrification in the cooling scan is a rather ‘gentle’ process”™ *.
The system leaves the equilibrium at a low fictive temperature thanks
to the slow cooling rate. In contrast, the as-spun ribbon features a
distinctly higher fictive temperature, since it has been vitrified with a
rate in the order of 10°K s %, The resulting configurational differences
between the as-spun and the slowly cooled glass are observed in the
particle motion component corresponding to liquid-like dynamics,
KWWs, since 75 and Bs values significantly differ between the heating
and the cooling scan (compare Fig. 3C, F). In view of our scenario, a
higher fictive temperature configuration corresponds to a less rigid
dynamic backbone and a faster liquid-like component. The higher
atomic mobility in the as-spun glass allows for structural relaxation
upon heating, as it is visible in Fig. 3B, C, where 75 and fs age towards
equilibrium. When these parameters have reestablished their
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Fig. 5 | Spatial heterogeneities, stress-driven dynamics, and the glass transi-
tion. We present a possible scenario that illustrates the micro-scale dynamics
during the cooling scan and connects it to the experimentally determined interplay
of stretched and compressed decorrelation components. The shown g, curves
consist of 96 mean value data points with standard deviations given by the error
bars and correspond to the representative batches B4, B5, and B6 introduced in
Fig. 1. Individual liquid-like atomic motions are symbolized by orange arrows. A In
the equilibrium supercooled liquid state, spatio-temporally heterogeneous
dynamics already have evolved. Regions with slower dynamics, termed rigid
domains, are indicated by underlying gray shadows. The broad spectrum of
relaxation times creates a stretched decay in g, that can be described by a con-
ventional Kohlrausch-Williams-Watts (KWW) function. B Further cooling towards

vitrification leads to increased spatial heterogeneity as well as volume shrinkage of
the system. Accordingly, the rigid domains start to gradually interlock and jam to
form a rigid dynamic backbone. Further volumetric adaptations to temperature
changes are frustrated, the system falls out of equilibrium and stress gradients
arise. This causes the rigid domains to push, drift, and rotate against each other
(underlying purple arrows), introducing collective ballistic-like atomic motions
and a typical compressed decorrelation in g, that competes with the stretched
liquid-like decorrelation component. Hence, the conventional KWW fit fails and the
KWWy approach is needed to model the complex shape of the g, decay. C In
the glass, the rigid dynamic backbone is broadly established, and the compressed
decay caused by the ballistic-like motions dominates the g, decorrelation. The fit
parameters of the shown KWW and KWWy, 1 curves can be found in Fig. 3.

equilibrium trendlines, further devitrification with increasing tem-
perature basically occurs as the inverse vitrification process, namely
via a gradual dissolving of the interlocked rigid regions until a full loss
of compressed decorrelation characteristics is reached when
approaching the equilibrium SCL.

In summary, we used slow temperature scanning XPCS to study
the micro-scale dynamics of a Pt-based metallic glass former in the
glass, glass transition, and SCL state upon heating and cooling. By
assuming two different types of particle motion, we describe a sce-
nario that reduces the difference between equilibrium and non-
equilibrium again to a question of crossing timescales. The system
remains in equilibrium as long as liquid-like atomic motions are able
to relax perturbations within the timeframe determined by the
underlying thermal protocol, creating a purely stretched decorrela-
tion of the ISF. The glass transition upon cooling initiates as soon as
rigid spatial domains start to interlock, causing volumetric frustra-
tion with further decreasing temperature. The resulting stress gra-
dients induce collective particle movements in form of ballistic-like
‘microscopic drift’ motions, eventually creating a compressed g,
decorrelation component that competes with the stretched decay
component stemming from the liquid-like atomic motions. The here
presented KWWyt approach allows us to model this interplay and
clearly separate these coexisting decorrelation components. It shall
be highlighted again that the fast exposure time of 0.01s is the
crucial technical condition to resolve the presence of such different

dynamic processes, as exemplarily shown in Fig. 2. Thus, we address
the fact that superimposed stretched and compressed decay was
never reported in earlier XPCS studies on metallic glasses to limita-
tions of the temporal resolution. We expect that this superposition
will become a regularly observed effect with future technological
advances in XPCS, but possibly also for other experimental approa-
ches like dynamic light scattering’** or ECS***°. Nevertheless, we are
aware that the applicability of the KWWy 1 concept might be clo-
sely related to the probed length scales and experimental conditions
of the present setup. Additional data at timescales at least two orders
of magnitude faster than those probed here would definitely help to
obtain a deeper understanding and might allow for a better dis-
crimination between the additive and multiplicative fitting approa-
ches. Finally, we are confident that temperature scanning XPCS will
become a broadly used tool to study countless cases of non-
equilibrium states’*° or transition effects in amorphous matter, e.g.,
regarding phase separations”, liquid-liquid transitions’®, or second-
ary relaxations™.

Methods

Sample preparation

The sample preparation of Pty sCu,;Nig sP; consisted of inductively
alloying the raw elements to obtain the master alloy, which was further
purified through a fluxing treatment. An amorphous plate-shaped bulk
specimen was produced from the master alloy by induction melting
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and tilt-casting. For XPCS, amorphous ribbons with ~30 um thickness
were produced from this specimen by melt-spinning.

XPCS experimental procedure

XPCS was carried out at the ID10 beamline at ESRF (after the EBS
update). The measured as-spun ribbon piece was sanded to a thickness
of 10 um to achieve a regular cross section and an optimized signal-to-
noise ratio. The partially coherent beam with a cross section of
10 x 10 pm? featured an energy of 21.0 keV and a flux of about 4.7 x 10"
photons per second. The speckle patterns were obtained in frames of
0.01s exposure time using an Eiger 4 M CdTe detector with a sample-
detector-distance of 5100 mm. All measurements were performed at a
fixed wave vector of |q| =2.86 A (+0.05 A%, directly at the first sharp
diffraction peak of the structure factor™>'°°, Supplementary Fig. 5 in the
Sl illustrates the setup. The as-spun ribbon sample was installed in a
custom-build, PID-controlled furnace to apply a temperature scan
program under high vacuum. In the first step, the sample was heated
with a rate of 0.0167 K s™ from the glassy state into the SCL to 548 K. In
the second step, the sample was subsequently cooled back into the
glassy state, again with 0.0167 Ks™. The TTCFs, G(t, t,), were calcu-
lated as

_ {(t)!(t2)),
(UCNRUCHE

where I(t;) is the pixel intensity of the detector at the (absolute)
experimental time t; and (...), is the average over all pixels of the
detector***. Considering that the intensity fluctuations are well
described by Gaussian statistics and using the Siegert relationship
from Eq. 2'9'%%, the intensity autocorrelation functions, g, were
obtained from averaging over the respective TTCFs. The calculation of
TTCFs and g, data was performed in batches of 24000 frames, cor-
responding to a time span of At=240s or, respectively, a temperature
span of AT =4 K. This batch size was found to be adequate for further
KWW and KWWy, 1; fitting as it provides enough temporal range to
capture most of the decorrelation process while still retaining a rea-
sonable error in temperature within each batch (+2K). To achieve a
sliding average effect, consecutive batches overlapped halfway, hence
by 12,000 frames (120 s, 2 K).

G(t, 1) 8)

Temperature correction procedure

To achieve a precise temperature calibration, further XPCS heating
scans with the same experimental conditions as described earlier were
performed on two other metallic glass forming systems, which show
first signs of crystallization at about 390 K and 630K, respectively. As
soon as crystals appeared in the probed sample volume, they created
quasi-stationary Bragg reflections in the speckle pattern. This leads to
an abrupt and harsh increase of the g, baseline as shown in Supple-
mentary Fig. 1 in the SI, allowing for a precise definition of the crys-
tallization temperature Ty. DSC scans of these systems were performed
with the same heating rate of 0.0167 K s™ using a Mettler Toledo DSC3
with Al crucibles under high-purity Ar flow. Here, T, was identified as
starting point of the exothermal crystallization event in the heat flow
signal, see also Supplementary Fig. 1in the SI. Comparing the 7, values
defined by calorimetry and XPCS scans allowed to define a linear two-
point temperature calibration that is applied for all XPCS data shown in
this article. Supplementary Fig. 1C in the SI provides the correction
formula.

Ex-situ DSC scans

To provide heat flow signals for comparison and orientation, the
temperature corrected heating-cooling program applied for the XPCS
studies on the Pty,sCu,;Nig sP,; ribbon was retraced ex-situ by DSC,
again using the Mettler-Toledo DSC3 with Al crucibles under high-
purity Ar flow. The as-spun Pt,, sCu,7Nig sP»; ribbons were heated from

463 K to 548 K and subsequently cooled back to the initial temperature
of 463K, using a rate of 0.0167Ks™. The resulting data has been
evaluated and plotted using OriginPro 2021b.

KWW and KWWy, 1 fitting procedure
The first approach to fit the g, data using the KWW and KWWy
models, see Eq. 3 and Eq. 7, would be to leave all parameters free to
obtain fitting curves that describe each individual data set to the best
extent. Yet, at elevated temperatures in the SCL, the fast dynamics
cause significant decorrelation even within the first time increment of
0.01s, resulting in g, curves with too low initial heights, as demon-
strated for example in Fig. 1C, D. Here, KWW fitting with free para-
meters leads to an underestimation of c. In contrast, the g, curves at
low temperatures in the glassy state may not reach full decorrelation
within the correlation window as can be seen in Fig. 1C, D, resultingin a
misestimation of the baseline b in case of free parameterization. To
solve these problems, we define fixed values for b and c, analogous to
an XPCS analysis previously described in ref. 12. For b, an average value
of 1.00675 is determined from those high-temperature batches that
show full decorrelation. An average c value of 0.02517 is derived from
low-temperature batches that show a full initial g, plateau. Hence, only
7 and B (or their respective counterparts from KWWy, fitting)
remain as free fitting parameters. All the data fitting procedures have
been performed using OriginPro 2021b.

Furthermore, the respective average relaxation times® <> and
<r>s shown in Fig. 4 can be calculated according to

0= (%) ©

Aligning XPCS timescale data and equilibrium viscosity data
Equilibrium viscosities from TMA published in ref. 22 are shown in
Fig. 4 and serve us as a reference in terms of the SCL state’s fragility. To
allow a direct comparison, the present 7 and 7s data from KWW and
KWWy fitting are transferred into the viscosity domain and aligned
with the TMA data. To do so, the equilibrium viscosities are fitted in a
first step using the cooperative shear model (CSM)***:

_ Te (Mg T
n(T)=nyexp (7 In <%> exp <2n <1 - T;) ) )

Here, g is the minimum viscosity reached at high temperatures of
4x107°Pa s, ngis the viscosity value of 10”Pa s commonly defined by
convention as the glass transition value' and 7 is the corresponding
temperature value, which is 498K in the present case. The only
remaining free fit parameter n is a measure of the apparent fragility
and is determined as 1.153 + 0.030. This corresponds to an m-fragility
of roughly 57°> and a Vogel-Fulcher-Tammann (VFT) fragility para-
meter D* of 15.3°”%%, In a second step, the CSM model is combined
with the Maxwell relation, n=G 7, to be applied in the timescale
domain as

_o Te, (e T

(T) G exp( T In(%)exp <2n (1 Tg)>)

Fitting the equilibrium relaxation times (hence excluding
data points that indicate vitrification due to deviation from the
liquid behavior) from XPCS with this equation using the fixed
n=1.153 from the viscosity fit leaves only the shear modulus G as
a free fit parameter. The thereby determined G values are
1.815x 10%Pa (7, heating), 1.679 x 10%Pa (1, cooling), 6.05x10”Pa
(s, heating), 2.66 x10”Pa (ts, cooling), 1.227 x10®Pa (<r>, heat-
ing), 1.029 x108Pa (<7>, cooling), 2.02 x 107 Pa (<>, heating), and
4.7x10°Pa (<r>s, cooling). Now, the relaxation times can be

10)

an
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transformed into corresponding viscosity data by means of the
Maxwell relation and each respective G value. The resulting n(z)
and n(ts) values are depicted in Fig. 4. Their steepnesses agree
well with the TMA equilibrium viscosities, indicating the same
fragility among the data sets. Finally, it shall be stated that all
fitting and data plotting of this study has been done using
OriginPro 2021b.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The XPCS and DSC data generated in this study as well as the source
files of all figures have been deposited in the figshare database under
accession code https://doi.org/10.6084/m9.figshare.28855373.
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Abstract of the article

State of the art fast differential scanning calorimetry (FDSC) is used to complement
conventional differential scanning calorimetry (DSC) studies about the isothermal time-
temperature-transformation (TTT) diagram of the bulk metallic glass forming liquid
Pt42.5Cu27NiosP21 to allow a comprehensive study of the crystallization kinetics of this
system over a broad temperature range. FDSC and DSC data align well in the low-
temperature region of the crystallization nose but show distinct discrepancies in the high-
temperature region as the FDSC studies reveal faster crystallization times. The results are
mathematically described and discussed based on the Johnson-Mehl-Avrami-Kolmogorov
(JMAK) equation. Thereby, either homogeneous or heterogeneous nucleation is assumed,
depending on the respective experimental conditions in FDSC and DSC studies. With this
approach, the complete TTT diagram can be modelled as superposition of two sequential

JMAK fits.
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State of the art fast differential scanning calorimetry (FDSC) is used to complement conventional differential
scanning calorimetry (DSC) studies about the isothermal time-temperature-transformation (TTT) diagram of the
bulk metallic glass forming liquid Pt42 5Cuz7Nig sP2; to allow a comprehensive study of the crystallization ki-
netics of this system over a broad temperature range. FDSC and DSC data align well in the low-temperature
region of the crystallization nose but show distinct discrepancies in the high-temperature region as the FDSC

studies reveal faster crystallization times. The results are mathematically described and discussed based on the
Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation. Thereby, either homogeneous or heterogeneous nucleation
is assumed, depending on the respective experimental conditions in FDSC and DSC studies. With this approach,
the complete TTT diagram can be modelled as superposition of two sequential JMAK fits.

Pt4p 5CugyNig sPa; is a well-known bulk metallic glass forming sys-
tem that features advanced glass forming ability (GFA) with a critical
diameter d. of 20 mm [1], which is one of the best GFA found in the
whole alloy system. The alloy has been subject to intense research in our
group [2-6] as it differs significantly from other bulk glass-forming
compositions. Within the Pt-P-based bulk glass-forming liquids devel-
oped by Schroers and Johnson [1], the Pt4 5CugyNig 5P2; is the kineti-
cally strongest liquid [2,3]. Additionally, only the total structure factor
of the Pt4s5Cuy;NigsPo; liquid exhibits a prominent pre-peak at low
scattering vectors [2,4], which is interpreted as the signature of a pro-
nounced medium-range order that evolves upon undercooling [4,5].
Moreover, the description of the experimentally determined
time-temperature-transformation (TTT) diagram with the classical
nucleation theory yields a relatively high value of the interfacial energy
of 0.11 J/m? + 0.01 J/m% This is considered as a key parameter
explaining the high GFA of the Pt-P-based liquids despite their fragile
kinetics and the relatively high driving force for crystallization, e.g.
compared to Pd-P based liquids [5,6]. The previous crystallization ex-
periments were performed in a conventional DSC, allowing only limited
heating and cooling rates, prohibiting an experimental determination of
the minimum crystallization time (tip of the crystallization nose). Thus,
it was determined from the fit of the low- and high-temperature

* Corresponding author.
E-mail address: maximilian.frey@uni-saarland.de (M. Frey).

https://doi.org/10.1016/j.scriptamat.2022.114710

crystallization data. The recent developments in the field of fast differ-
ential scanning calorimetry (FDSC) now offer, for the first time, the
possibility to collect crystallization data of many bulk glass-forming
liquids at the tip of the crystallization nose. While the commercially
available Mettler-Toledo FDSC 1 is only able to measure the
TTT-diagram of glass-forming liquids with liquidus temperatures below
793 K (e.g. Au-based compositions [7,8]), the latest version, the FDSC
2+, can achieve temperatures up to 1273 K [9], giving access to a broad
field of different alloy systems. Therefore, the authors chose the
Pt42.5Cup;Nig 5P2; bulk glass-forming system as a model system to verify
the predictions of our previous study by closing the data-gap between
high and low temperatures and to identify the influence of the different
experimental conditions in the FDSC 2+ on the crystallization process.

The FDSC studies were performed using a Mettler-Toledo FDSC2-
equipped with a MultiSTAR UFH 1 high-temperature chip sensor with
silicon nitride (Si3Ny) surface, allowing for maximum temperatures up
to 1273 K [9]. To provide fast cooling rates, a Huber HC100 intracooler
was used to hold the sensor support temperature at 188 K. High-purity
argon gas flow of 60 ml/min was used to prevent oxidation effects.
Two samples were subsequently measured on two different chip sensors
for improved statistics. Each sample was cut from the same melt spun
ribbon and placed on the respective sensor area, followed by melting via
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several heating scans to temperatures above T to obtain good and stable
thermal contact between sample and sensor. Measuring the enthalpy of
melting upon heating and comparing it to the literature value [2] allows
to estimate the sample masses to be roughly 430 ng and 350 ng,
respectively [10,11]. These relatively high masses are chosen to avoid
sample size effects on the thermal stability [10,12]. Prior to each
isothermal measurement, the sample was equilibrated at 973 K (about
100 K above T)) for several seconds, followed by fast cooling to the
respective temperature of isothermal measurement with 10,000 K/s.
Every isothermal temperature step was measured at least three times.
The inset in Fig. 1 exemplarily depicts a typical heat flow signal obtained
at 703 K. The exothermal crystallization event was integrated to obtain
the times at which 1%, 50%, and 99% of the heat release has occurred
(dashed line). All averaged data points corresponding to these
percentage-values are shown in the main window of Fig. 1, thereby
forming a typical crystallization nose shape. The standard deviations are
given as error bars. At lower temperatures below 613 K, the measure-
ment window is limited by the small sample mass, as the
growth-controlled crystallization event smears out over long timescales,
thereby getting undetectable due to the deteriorated signal-to-noise
ratio [7,13]. At elevated temperatures above 763 K, the
nucleation-controlled crystallization event exhibits the trend to shift to
longer timescales, exceeding the time limit for data acquisition [7].
The low-temperature (LT) and high-temperature (HT) DSC mea-
surements previously published in [6] were performed using a con-
ventional Perkin-Elmer DSC 8500. For LT-DSC measurements, as-cast
bulk samples were heated in aluminum pans with 2 K/s from the glassy
state to the respective isotherm above Tg under high-purity argon flow.
HT-measurements were performed by equilibrating the alloy in the
equilibrium liquid state at the maximum operation temperature of the

Scripta Materialia 215 (2022) 114710

device of 973 K (about 100 K above the liquidus temperature of 874 K)
and subsequent cooling to the respective measurement temperature
below Ty, with 2 K/s. The samples were measured under high-purity
argon flow in graphite pans and embedded in molten ByOs flux.
Several HT-measurements were performed for each temperature. Fig. 2
combines the FDSC data of this work with the DSC data from [6]. In
order to harmonize the appearance of the TTT diagram, the original
HT-DSC datapoints [6] are averaged for each respective temperature
step. Standard deviations in form of error bars are only shown for 1%
data points to assure the clarity of the plot. While LT-DSC and
low-temperature FDSC data align quite well, a distinct mismatch in
timescales is found between the HT-DSC data and the overlapping
high-temperature FDSC data, as the latter shows relatively short crys-
tallization  times. To further quantify this offset, the
Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation is used [14-18].
This mathematical approach based on classical nucleation theory de-
scribes the temperature dependency of steady state crystallization ki-
netics and can be utilized to model the crystallization nose in a TTT
diagram. At a given temperature, the time t(T) until a portion x of the
undercooled liquid is crystallized is calculated as

1#
_( _3mW(-x
"0 = ( 7 I(T) u(T)3> ’ W

The homogeneous nucleation rate Iyom(T) and the crystal growth rate
u(T) are determined as:
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Fig. 1. Results of isothermal FDSC crystallization studies. The inset shows an exemplary measurement at 703 K. In the main window, averaged crystallization times
for 1% (open squares), 50% (half-filled squares), and 99% (filled squares) of the occurred crystallization enthalpy are displayed. The standard deviations are given as

error bars.
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Fig. 2. Complete isothermal TTT diagram of the Pty sCuy;Nig sP2; alloy consisting of LT-DSC [6], HT-DSC [6], and FDSC crystallization data. Until about 668 K
(below the transparent red area), LT-DSC and FDSC results show good alignment. In contrast, HT-DSC data and high-temperature FDSC data show drastic
disagreement, the FDSC studies reveal crystallization times about two orders of magnitude faster than the HT-DSC data. This discrepancy is underlined by the JMAK
fit of the LT- and HT-DSC data that assumes homogeneous crystallization (black solid line). Using the modification for heterogeneous crystallization, the red solid line
indicates the JMAK fit of the FDSC data above 668 K (transparent red area), allowing to mathematically describe the upper FDSC crystallization nose. Consequently,
the combined data set of FDSC and LT-DSC can be modeled by a superposition of both JMAK fits, as indicated by the broad transparent line (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article).
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with a preexponential factor A, the volume-specific free energy differ-
ence between liquid and crystalline state Ag.«(T), the interfacial energy
between liquid and crystalline state vy, the average atomic diameter ao,
the average atomic volume n, and the temperature-dependent equilib-
rium viscosity 1(T). Agjx(T) is calculated from molar heat capacity data
AGp1x(T), density p, molar mass M, as well as the molar values of
enthalpy and entropy of fusion, AHg and AS¢ [19] as

T
Agi(T) =1 AG (1) =1

7

The viscosity data is described by the Vogel-Fulcher-Tammann (VFT)
equation [20] as

DTy
n(T) =1y exp (T — Tﬂ>, (5)

with the high-temperature limit of viscosity no, the fragility parameter
D* and the VFT-temperature Ty published in [2,3]. Most of the applied
thermodynamic and kinetic parameters in these equations are empiri-
cally defined and are taken from [2,3,6], as listed in Table 1 (the pa-
rameters a, b, ¢, and d are the fitting parameters used to model the heat
capacity as described in e.g. [21]). Only A, and y are left as free fitting
parameters. Here, it should be noted that the heat capacity data used for
calculations represents the equilibrium crystalline mixture, which does
not necessarily reflect the thermodynamic conditions of initial nucle-
ation but serves as a lower estimate of the actual driving force for
crystallization of the primary phase.

T '
, / A ,
AH/+/AC,,,H(T)dT -7 Asf+/cf”7;‘(”dr . “
T

In a first step, the JMAK equation with assumed homogeneous
crystallization is used to explicitly fit the LT- and HT-DSC data without
taking FDSC results into account, in analogy to the fitting procedure in
[6]. For a crystalline fraction of x = 0.01 (open symbols), an A, value of
3.40170 x 10% Pa/m® and a y value of 0.11126 J/m? are provided.
These parameters are almost identical to the ones published in [6], only
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Table 1
JMAK parameters provided by empirically studies and through fitting
procedure.

Thermodynamic parameters taken from [2,6]

a 9.61384 x 10~ J/(g-atom K?)
b 5.52829 x 10° J K/g-atom

¢ —6.14630 x 10 J/(g-atom K?)
d 1.64663 x 1075 J/(g-atom K?)

T 874 K
AH¢ 10.5 J/g-atom

AS¢ 12.01 J/(g-atom K)
Kinetic parameters taken from [2,3]

Mo 4x10°Pas

D* 15.3

To 354.4K

JMAK fit of DSC data (homogeneous nucleation assumed)

A, 3.40170 x 10%° Pa/m®

M 0.11126 + 0.00092 J/m?
Ty™ 4.96 s

d. (calculated from 7,*) 16.2 mm
JMAK fit of FDSC data (heterogeneous nucleation assumed, 673 K-763 K)

A, 2.49491 x 10** Pa/m®
v 0.11126 J/m? (fixed)
5(0) 0.43000 + 0.01838

9] 84.6° + 1.4°

T 4.29 s

d. (calculated from 7,*) 15.3 mm

slight deviations arise from the fact that the HT-DSC data was not
averaged for fitting in the original article. The corresponding fit curve is
displayed in Fig. 2 as a black solid line. The minimal crystallization time
given by the fit curve, the so-called nose time t4*, is 4.96 s. Johnson et al.
[22] derived an empirical equation that connects the crystallization nose
time t,* with the critical casting diameter d. (in mm) as

7t = 0.00419 (d,)**. ®)

Accordingly, the nose time interpolated by the DSC JMAK fit would
correspond to a d. value of 16.2 mm. This is in reasonable agreement
with the experimentally confirmed d. of 20 mm [1]. These samples were
produced by water quenching the equilibrium liquid under a protective
environment of BoO3 flux in a quartz tube. The use of a fluxing agent
drastically reduces the probability of heterogeneous nucleation, as it
purifies the melt from oxidic contaminations and shields it to some de-
gree from external nucleation sites [6,8,23,24]. The HT-DSC measure-
ments mimic these conditions since the studied sample is also
submerged in a B,03 flux, thereby decreasing the probability of inter-
fering reactions with gaseous impurities or the crucible pan. Indeed, the
large scatter in HT-DSC crystallization times (see error bars in Fig. 2)
speaks for the typical stochastic nature of a crystallization process
controlled by (homogeneous) nucleation at these elevated temperatures.
Thus, albeit heterogeneous nucleation cannot be completely excluded, it
seems to play no major role in the crystallization behavior of the HT-DSC
measurements. In case of the LT-DSC studies, the beneficial influence of
a fluxing agent is absent, yet, the critical nuclei size at such low tem-
peratures is already very small, so that the liquid does not lack on
overcritical nuclei. Instead, the crystallization times are mainly domi-
nated by the sluggish kinetics. Hence, the influence of the nucleation
rate, and therefore of heterogeneous nucleation effects, on the crystal-
lization kinetics becomes less pronounced at these low temperatures.
The crystallization is rather growth-controlled as pointed out in
numerous studies [6,8,13,24]. This leads to reproducible crystallization
times with crystallization events stretched over large time spans, as
demonstrated by the LT-DSC data in Fig. 2. Based on these consider-
ations, two assumptions are made. First, it seems reasonable that het-
erogeneous nucleation plays no crucial role for the observed
crystallization kinetics of all the DSC data, leaving the assumption of
homogeneous nucleation for JMAK fitting as a valid approach. Second, it
is assumed that DSC data and the resulting JMAK fit correspond

Scripta Materialia 215 (2022) 114710

relatively well to the crystallization conditions present for the fluxed and
quenched samples reported in [1].

Comparing DSC-JMAK fit and FDSC data, excellent agreement is
found in the low temperature part of the crystallization nose, but de-
viations increase for temperatures above the nose tip (above about 668
K), indicated by the transparent red area in Fig. 2. This trend finds its
climax in the FDSC data at the highest temperatures, where crystalli-
zation events occur about two orders of magnitude faster than in HT-
DSC measurements under fluxing conditions. DSC-based isothermal
TTT studies on a Pd-based bulk metallic glass former [25] reported a
quite similar behavior by comparing the crystallization times of fluxed
and unfluxed samples. While no strong discrepancy was found in the
low-temperature regime, the unfluxed samples showed distinctly shorter
crystallization times in the high-temperature region above the tip of the
crystallization nose, which was addressed to heterogeneous nucleation
effects on the sample surface. For the present FDSC studies, the sample is
molten directly on the UFH 1 sensor to form a rigid connection that
permits fast temperature changes, but also increases the possibility of
heterogeneous nucleation on the silicon nitride surface of the sensor.

With these aspects in mind, modifications that take heterogeneous
nucleation effects into account might provide a more suitable approach
for JMAK fitting of the FDSC crystallization nose. In case of heteroge-
neous nucleation, the free energy barrier to form a critical nucleus is
gradually reduced, which can be mathematically expressed by a shape
factor S(0) included for the heterogeneous nucleation rate Inet(T) [26]:

A —s) M 7
(1) = 5 cxp( SO) 307 Agmmz>~ )

where S(0) formally corresponds to a wetting angle 6 between the
formed nucleus and the substrate surface [26] as

S(0) =l (24 cos(0)) (1 —cos())

4 ()]

This modified JMAK equation now features three fitting parameter
A, v, and S(0), instead of two. One of them must be fixed to avoid an
overparameterization of the fit. To solve this apparent problem, we as-
sume in the following that for LT-, HT-DSC, and FDSC data, the very
same primary crystalline phase nucleates. Only in the nucleation-
controlled high-temperature region of the FDSC data set, the crystalli-
zation kinetics accelerate due to the mentioned experimental conditions
and the resulting increased effect of heterogeneous nucleation. With this
approach, the interfacial energy can be fixed to the value found for the
homogeneous DSC JMAK fit (0.11126 J/m?).

In a first attempt, the heterogeneous JMAK fit fails to provide satis-
fying results for the combined LT-DSC and FDSC data (x = 0.01). The fit
massively underestimates the nose time, visible in the orange solid line
in Fig. A in the Supplementary Information. Similar problems evolve
when only the FDSC data is fitted this way (brown dashed line). Here,
the JMAK fit fails to describe the rather blunt shape of the FDSC crys-
tallization nose data, since the whole set of empirically given thermo-
dynamic and kinetic parameters predetermines a relatively sharp and
narrow nose geometry [5]. To avoid this, only the FDSC data (x = 0.01)
that deviates from the course of the homogeneous DSC JMAK fit is fitted,
i.e. for temperatures above 668 K (the FDSC data in the transparent red
area). This fit (red solid line in Fig. 2) allows a good mathematical
description of the upper part of the FDSC crystallization nose and pro-
vides a S(0) value of 0.43000, which formally corresponds, according to
Eq. (8), to a wetting angle 6 of 84.6°, a reasonable value for heteroge-
neous nucleation processes [27-29]. Geometrically, this would imply an
almost half-spherical crystalline nucleus that forms onto the surface of
the heterogeneous nucleation site. Albeit the nose tip of heterogeneous
FDSC JMAK fit is about 50 K higher than for the homogeneous DSC
JMAK fit, the nose time remains with 4.29 s basically unchanged and
corresponds, according to Eq. (6), to a d. of 15.3 mm. So, while the
thermal stability in the high-temperature region of the FDSC
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crystallization nose is distinctly affected, the GFA, defined by 14* and the
resulting critical cooling rate and critical diameter, remains almost un-
affected. This is a promising result for industry-relevant processing
routes of Pt 5CugyNig sP2;, where rather suboptimal conditions (no
fluxing, shear flow) are present, e.g. in case of die casting or suction
casting processes. Still, it should be considered that the impact of het-
erogeneous nucleation quantified in this work is only valid for the pre-
sent setup and can change massively under different conditions.

In summary, the use of the FDSC 2+ allows to bridge the gap in the
TTT diagram between LT- and HT-DSC and to directly observe the ki-
netics at the crystallization nose. In the upper part of the FDSC crys-
tallization nose, crystallization timescales decouple from the HT-DSC
results and show distinctly shorter crystallization times. This is traced
back to the absence of a fluxing agent in case of the FDSC setup, leaving
the alloy prone to increased heterogeneous crystallization effects that
catalyze crystallization. The JMAK equation is used to sequentially
model crystallization kinetics under homogeneous and heterogeneous
nucleation conditions with satisfying agreement. Combined LT-DSC and
HT-DSC data can be well described using a single homogeneous JMAK
fit, as the fluxing conditions of HT-DSC measurements effectively frus-
trate heterogeneous nucleation at elevated temperatures. In case of an
unfluxed sample environment, where heterogeneous nucleation effects
gain influence with rising temperature, the combined FDSC and LT-DSC
data set can be modeled through a superposition of homogeneous JMAK
fitting at low temperatures and heterogeneous JMAK fitting for higher
temperatures above the crystallization nose, as indicated by the broad
transparent line in Fig. 2. To our knowledge, this is the first time such a
combination of homogeneous and heterogeneous JMAK fitting is used to
describe the isothermal crystallization behavior of a metallic glass
former. This approach allows to obtain geometrical information about
the heterogeneously formed nucleus in terms of the calculated wetting
angle 0 of 84.6°. Assuming that the heterogeneous nucleation occurs in
the sample sensor interface, the present study could be seen as a starting
point for a systematic study on different sensor materials (or sensor
surface coatings) and their influence on heterogeneous nucleation ef-
fects. Due to the extensive amount of accessible data, the Pt435Cusy.
Nig 5Py alloy would make a good model system, here. Such extensive
studies would further benefit from imaging methods like SEM or TEM to
verify the used assumption that the same primary crystalline phase
forms in case of homogeneous and heterogeneous nucleation.

Moreover, another valuable approach would be a systematic study of
the effect of changed overheating in the equilibrium liquid state on the
crystallization kinetics of Pt4p 5CuasNig sP21, as encouraged by earlier
works [6,30].
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Abstract of the article

Additive manufacturing of bulk metallic glasses (BMGs) through laser powder bed fusion
(LPBF) has drawn growing interest in the last years, especially concerning industry-
relevant alloys based on iron or zirconium. The process-inherent high cooling rates and
localized melting pools allow to overcome geometrical restrictions given for the
production of BMGs by classical casting routes. Yet, the achievable surface qualities are
still limited, making an adequate post-processing necessary. In this work, we report on
applying thermoplastic forming on LPBF-formed parts for the first time to decrease
surface roughness and imprint finely structured surface patterns without the need for
complex abrasive machining. This BMG-specific post-processing approach allows to
functionalize surface areas on highly complex LPBF-formed specimens, which could be of

interest especially for medical or jewelry applications.
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1. Introduction

Bulk metallic glasses (BMGs) are a relatively new class of engineer-
ing materials. Their combination of high strength and hardness on the
one hand and elastic limits up to 2% similar to polymers on the other
hand offers significant advantages over crystalline metals [1]. BMGs
are produced by rapid cooling from the equilibrium liquid state to
avoid crystallization until vitrification occurs at the glass transition tem-
perature. Massive alloy development efforts resulted in various multi-
component alloys with high glass forming ability (GFA). A parameter
that directly defines the GFA of a given system is the critical cooling
rate (CCR), which is the slowest rate that ensures glass formation with-
out crystallization effects during undercooling. BMGs are mostly pro-
duced via classical casting routes, where the high-temperature melt is
poured, injected, or sucked into a (water-cooled) metallic mold. As
the glassy specimen is monolithically produced by dissipating the heat
of the liquid through the mold interface, the achievable cooling rates
in the inner volume of a cast part decrease with sample thickness. This
results in an upper size boundary for fully amorphous cast specimen
that can be quantified by the critical casting thickness, which is the max-
imum diameter in which an amorphous rod-shaped sample can be cast.
This size limitation, in combination with the typical geometric limita-
tions of a casting process, hinders the industrial applicability of this ma-
terial class until today. A novel approach to overcome these restrictions
is the additive manufacturing of metallic glasses by laser powder bed
fusion (LPBF) [2-5]. The layer-wise manufacturing approach with
very small and localized melt pools, features high cooling rates up to
10 K/s [6]. This allows to create large and complexly shaped parts
that cannot be produced by casting. Besides this advantage of LPBF-
produced BMGs over cast specimens, the powder based process also
inheres some drawbacks. The achievable surface quality is limited due
to the powder feedstock material, staircase effects resulting from the
layer-wise built-up, and sintered particles at the interface between the
powder bed and the part. The resulting surface roughness limits the
spectrum of possible applications, especially in the biomedical sector,
where precisely defined surfaces are often needed [7]. Therefore, func-
tional surfaces of LPBF-manufactured parts generally have to be post-
processed to meet the requirements. In this context, several techniques
such as electro-polishing [8] or abrasive flow machining [9] are subjects
to current research. However, the achievable finish quality is often lim-
ited and can be detrimental for certain surface topographies such as
open cavities and edges. Therefore, the development of adequate post-
processing routes for complex surface structures is in high demand.

An interesting advantage of BMGs over common crystalline metals is
the possibility of thermoplastic forming (TPF). Thereby, an initially
glassy specimen is heated into the supercooled liquid state, where the
viscosity ranges between roughly 10" to 10° Pa s [10]. These conditions
allow viscoplastic deformation through applied mechanical loads in
analogy to thermoforming or blow molding processes known from
thermoplastics or silicate glasses. The specimen can be formed into a de-
sired geometry, followed by quick cooling into the glassy state to pre-
vent undesired crystallization. High surface qualities are possible since
even structures on the nanoscopic scale can be imprinted [11,12]. Re-
cent studies about viscoplastic deformation of a LPBF-formed BMG
have sparked interest to functionalize TPF post-processing for additive
manufacturing [13]. Thus, the aim of this study is to demonstrate the
possibility of combining both processes to synergize the geometrical
freedom given by LPBF with the high-quality surface post-processing
achievable by TPF.

2. Materials and methods

Gas-atomized powder of the commercially available glass forming
alloy AMZ4 [14] (composition in at.%: Zrsg 4Cuzg g Alj0.4Nb; 5) with an
oxygen content of about 1580 pg/g and a mean particle diameter Xso
of 37.8 um was provided by Heraeus Amloy Technologies GmbH.
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Beam-shaped samples (1.9 x 2.8 x 25.2 mm?) and cylindrical specimen
(12 mm diameter, 3 mm height) were produced under argon gas atmo-
sphere using an eos M100 LPBF device that features a fiber laser with a
wavelength of 1064 nm. The process parameters were set according to
two previous studies by Wegner et al. to reach a volume energy density
of 25 J/mm? and allow to produce samples with optical relative densi-
ties in the order of 99.5% or above [15,16].

For TPF processing, samples were heated in a custom build TPF appa-
ratus under vacuum to the desired processing temperature (between
703 K and 723 K), at which AMZ4 reaches the highly viscous
supercooled liquid (SCL) state. The samples were held isothermally for
a defined time while the applied pressure caused viscous flow and plas-
tic deformation. Subsequently, the samples were cooled back into the
glassy state with the help of a Peltier element reaching cooling rates in
the order of 10 K/s [17,18]. The maximum pressing force of the device
is F = 4500 N. Details about the technique and the apparatus as well
as a sophisticated study of TPF process parameters for cast AMZ4 sam-
ples can be found in previous works [10,18]. In the present study,
three setups are tested. An overview of the setups, used sample geome-
tries, and applied analysis methods can be found in Fig. 1.

For setup (A), beam-shaped samples were loaded with a comparably
low pressing force of F = 500 N for t = 30 s at a temperature of T =
713 K to test, in principle, the influence of TPF on the thermophysical
and mechanical properties. The relatively low force caused only slight
deformation of the sample and allows subsequent mechanical testing
of the beam.

In setup (B), the possibility to increase the surface quality of as-built
LPBF samples was tested. Thereby, cylindrical specimens were placed in
a suitable setup consisting of a casing and two pistons, schematically il-
lustrated in Fig. 1, to prevent massive deformation through viscous flow
and were loaded to smoothen the rough upskin surface. The process pa-
rameters were set to F = 4500 N, t = 40 s,and T = 723 K.

In setup (C), a finely structured hard metal template, provided by
Olympus Surgical Technologies Europe, was pressed into a sanded
beam sample to demonstrate the possibility to imprint a complex sur-
face pattern, as shown in principle in Fig. 1. In this case the used process-
ing parameters were F = 3000 N, t = 30s,and T = 703 K.

Mechanical testing of beam-shaped LPBF-formed samples in as-built
condition (LPBF-AB) and after TPF post-processing according to setup
(A) (LPBF-TPF) was performed in three-point bending (3PB) mode to
obtain stress-strain curves using a Shimadzu testing machine, as de-
scribed in [16]. The surfaces of the beams to be tested were sanded to
achieve a well-defined geometry and surface roughness. The amor-
phous state of LPBF-AB and LPBF-TPF samples was verified by calorime-
try and X-ray diffraction. A power compensated Perkin Elmer DSC 8000
was used to perform temperature scan measurements with a constant
heating rate of 1 K/s between 373 and 853 K in aluminum pans under
argon flow to allow the quantification of the glass transition tempera-
ture T, the starting temperature of crystallization Ty, and the enthalpy
of crystallization AHy. X-ray diffraction was performed in a range of
angles (26) between 20° and 80° with a PANalytical X'Pert Pro diffrac-
tometer using Cu-K,, radiation. Furthermore, high-energy synchrotron
X-ray diffraction (HESXRD) of an as-cast reference as well as a LPBF-
AB and LPBF-TPF sample was measured at the P21.2 beamline facility
of PETRA III of the Deutsche Elektronen-Synchrotron (DESY). Measure-
ments at room temperature were performed with a wavelength of
0.177138 A (70 keV) in transition mode, using a VAREX XRD4343CT de-
tector (2880 x 2880 pixels). The two dimensional diffraction pattern
were integrated using PyFAI and further processed using the PDFgetX2
software to obtain the total structure factor S(Q).

Testing of surface roughness of the upper surface of the cylindrical
samples before and after TPF-treatment according to setup (B) was
done by a tactile method, using a Mitutoyo SJ-400 device in analogy
with the DIN EN ISO 4288 standard. Yet, the dimensions of the sample
limited the evaluation length to the sample diameter of 12 mm. Optical
microscopy was performed using an Olympus BX51 device. Thereby, the
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Fig. 1. Overview of the three TPF processing setups, the sample geometries with their respective surface treatment, and the subsequently used analysis methods.

optical density of LPBF-formed beams was determined using the Stream
software provided by Olympus GmbH. Scanning electron microscopy
was done using a Zeiss Sigma VP device in secondary electron
imaging mode.

3. Results

The relative density analysis via optical microscopy reveals that the
beam samples before and after TPF setup (A) feature high and basically
identical densities of 99.62 + 0.2% and 99.66 4 0.2%, respectively. Re-
maining porosity appears to be mostly spherical gas pores, as can be
seen in Fig. A of the Supplementary material.

Fig. 2 compares DSC, XRD, and 3PB results of an as-built LPBF-formed
beam (termed LPBF-AB, black curves) and an identical LPBF-formed
beam after TPF (termed LPBF-TPF, red curves) according to setup (A).
Both diffractograms that are displayed in Fig. 2a do not show Bragg
peaks which would reflect a major volume fraction of crystals in the
specimens. Instead the diffractograms show a typical broad halo, indi-
cating an overall amorphous structure within the detection limits of
this method. In Fig. 2b, both DSC curves show a glass transition from
the initial glassy state into the supercooled liquid state at glass transi-
tion temperatures Ty of 683 K (LPBF-AB) and 680 K (LPBF-TPF). Crystal-
lization occurs for both samples at Ty = 758 K, integration over the
respective exothermal events reveals the enthalpies of crystallization
AHj that are found to be 4.02 kJ/g-atom (LPBF-AB) and 3.91 kj/g-atom

(LPBF-TPF). The results are relatively similar and reflect a typical AH
value for amorphous AMZ4, further validating the overall amorphous
nature of the beams [16]. Differences can be found in the slightly differ-
ing shape of the crystallization signal as well as in the sub-Tg behavior of
both samples. While the LPBF-AB sample indicates distinct structural re-
laxation in form of an exothermal signal below T, such an effect cannot
be observed for the LPBF-TPF sample, revealing different relaxation
states. In Fig. 2c, the stress-strain curves of both samples show an almost
identical behavior with a Young's modulus of about 81 GPa, a fracture
strength oy of roughly 2.1 GPa, and no observable plastic deformation.
In contrast, an AMZ4 sample cast from high-purity material (the oxygen
content of the used Zr is about 13 pg/g [19]) shows pronounced plastic-
ity, combined with a Young's modulus of about 76 GPa and a yield stress
oy of about 2.1 GPa (gray dotted line, taken from reference [18]).

Fig. 3 shows the HESXRD S(Q) results of a high purity as-cast refer-
ence AMZ4 sample, a beam-shaped LPBF-AB sample and a LPBF-TPF
sample treated according to setup (A). While the as-cast sample
shows no Bragg peaks, the LPBF-AB sample features slight reflexes, indi-
cating the presence of a small amount of crystalline fraction in an overall
amorphous structure. The LPBF-TPF sample still shows an overall amor-
phous structure but with a further increased amount and intensity of
crystalline reflexes.

Fig. 4a depicts the casing and pistons used to improve the surface
roughness of as-built LPBF-samples according to setup (B). The surfaces
of a LPBF-AB and a post-processed LPBF-TPF cylinder are compared in
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Fig. 2. a) XRD diffractograms of an as-built additionally formed beam-shaped sample
(LPBF-AB) and a TPF post-processed (LPBF-TPF) beam, according to setup (A). Both
samples show the typical halo, indicating an amorphous structure without crystallites.
b) DSC scans of the LPBF-AB and the LPBF-TPF sample. Both of them show a glass
transition at about 700 K, followed by the supercooled liquid state and crystallization at
roughly 750 K with almost identical crystallization enthalpy AHy. c) Results of the three-
point bending mechanical testing. LPBF-AB and LPBF-TPF samples show a similar
fracture strength o of about 2.1 GPa without ductile behavior. In contrast, an as-cast
reference beam sample reaches its yield strength at 2.1 GPa, followed by remarkable
plastic deformation.

Fig. 4b and c. Here, a drastic reduction of surface roughness through the
TPF post-processing is visible. This is further quantified by the results of
the roughness testing. Without TPF, the R, and R, values are 14.2 +
0.3 um and 99.4 4+ 13.8 pm. After TPF post-processing, these values
are reduced by about one order of magnitude to 1.1 4 0.4 um and
10.2 £ 3.1 pm, respectively. The TPF-imprinted beam from setup
(C) is shown in Fig. 4d, together with the used hard metal template.
Due to the lack of containment in contrast to setup (B), bulging through
plastic deformation is visible on the side faces of the TPF-pressed part.
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The surfaces of template and beam are shown in detail in Fig. 4e
and with further magnification in the SEM images in Fig. 4f. The overall
surface topology of the hard metal template is mirrored on the beam
surface. Thereby, even the fine milling cuts of the template are
reproduced on the imprinted surface of the BMG part.

4. Discussion

In the present study, the viability to produce amorphous AMZ4 sam-
ples using LPBF is confirmed by the XRD and DSC results within the de-
tection limits of these analysis methods. This generally agree with
earlier studies published so far [15,16,20-22]. The same applies for
the LPBF-TPF sample, demonstrating the applicability of TPF post-
processing without major loss of the desired glassy state of the material,
if the processing window is judiciously chosen. Mechanical testing re-
veals that the LPBF-AB and the LPBF-TPF sample are both able to repro-
duce the yield strength of the high-purity as-cast reference sample. Yet,
while the cast sample allows for considerable plastic deformation, the
LPBF-formed ones show brittle behavior, causing the yield point and
fracture point to coincide. Furthermore, the additively manufactured
samples show a slightly higher Young's modulus than the cast refer-
ence. Bordeenithikasem et al. [20] reported fracture stresses of about
1.3 GPa for LPBF-formed AMZ4, which is distinctly below the yield
strength of the alloy. This effect was i.a. attributed to the presence of ir-
regularly shaped gas pores that act as crack initiation sites and lead to
premature sample failure, a commonly observed mechanism in metallic
glasses [23-26]. Yet, since very high optical densities above 99.6% with
mostly spherically shaped pores are present, as previously reported in
[15,16], and since the LPBF-formed AMZ4 in this study shows no prema-
ture failure before the yield stress is reached, porosities are not identi-
fied as a crucial threat to the mechanical integrity, as previously
suggested in reference [16].

Conventional XRD is known to only provide information about the
average structure of the investigated sample, thereby leaving small
crystalline fractions or especially nano-crystals possibly undetected
[27]. At this point, the extremely high flux used for HESXRD helps to de-
tect smaller crystalline fractions, as shown in Fig. 3. The LPBF-AB sample
features slight Bragg peaks in the HESXRD S(Q) data, which is in agree-
ment with Pacheco et al., who recently found that small degrees of
nano-crystallinity are a common feature of LPBF-formed AMZ4 [22].
Comparing the HESXRD total structure factors of LPBF-AB and the
LPBF-TPF sample, the TPF process is found to further increase the degree
of crystallinity. This is not surprising as TPF is performed in the
supercooled liquid state, where the increased atomic mobility allows
crystal nucleation and growth [28]. Based on previous works [29-31],
nano-crystalline Zr4Cu,0 has been identified as the primary crystalline
phase that forms during heating of LPBF-formed AMZ4, followed by
AlsZr,4 and Zr,Cu [22]. Thus, the same types of nano-crystalline phases
can be assumed to be present in a small degree in the LPBF-TPF sample,
although the low amount and intensity of the Bragg peaks in Fig. 2 pro-
hibit a clear phase identification. Yet, the increase in crystallinity is still
low enough to be concealed by the detection limit of conventional XRD,
see Fig. 2a. The change in the DSC crystallization signal shape, see
Fig. 2b, and the slightly reduced AHy value seem to reflect the
TPF-induced crystallization, yet, it has to be noted that the observed
AHy difference of about 0.1 kJ/g-atom is well within the method-
typical measurement uncertainty [32-34]. The gradually increased crys-
tallinity of the LPBF-TPF sample seems to be still uncritical in terms of
the mechanical properties as no decrease in strength is observed in
comparison to the LPBF-AB sample, see Fig. 2c. Schroers et al. recently
found that small crystalline fractions in Zr-based BMGs only have mar-
ginal influence on the mechanical properties, allowing for robust parts
even after TPF processing [28].

In the present work, the absence of ductility can be mainly addressed
to intrinsic brittleness of the material due to the high oxygen content, as
various studies have demonstrated the increase of brittleness and
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Fig. 3. High-energy synchrotron XRD total structure factors of an as-cast AMZ4 sample, an
as-built (LPBF-AB) and a TPF processed (LPBF-TPF) additively formed beam-shaped
sample, according to setup (A). The as-cast sample shows a fully amorphous halo
without Bragg peaks, while the LPBF-AB sample features three small reflexes, indicating
a slight amount of crystalline fraction. The LPBF-TPF sample still shows a mainly
amorphous structure, but features an increased amount of Bragg peaks, indicating a
higher degree of crystallization in comparison to the as-built sample.

stiffness of Zr-based BMGs through oxygen contamination [35-40]. Ox-
ygen is found to change the short- and medium-range order in the way
that shear processes and the formation of multiple shear bands are im-
peded, thus provoking catastrophic failure [38,40]. The oxygen contam-
ination issue can be traced back to the inherent characteristics of the
used powder feedstock, as it features an extremely high surface-to-
volume ratio that leads to increased absorption of oxygen during the at-
omization process [41,42]. Also, oxygen uptake during the LPBF process
itself, due to residual oxygen in the build chamber and through residual
humidity in the powder feedstock, further contributes to the oxygen
contamination [41-43]. Combined, powder atomization and LPBF pro-
cessing increase the oxygen level massively, up to values of several hun-
dreds or even thousands of pg/g, while Zr-based metallic glasses
produced by casting usually feature oxygen levels in the order of only
80 pg/g [42,44). The obvious difference in terms of ductility between
as-cast and LPBF-formed AMZ4 should be interpreted in this context.
In principle, TPF processing may lead to a further increase in oxygen
contamination. Yet, by taking the rather low processing temperatures
in the supercooled liquid state and consequentially sluggish diffusion
processes into account, the influence of the TPF process should rather
be neglectable. This approach seems valid as the mechanical perfor-
mance is not harshly altered by TPF at all.

The exothermal structural relaxation signal found for the LPBF-AB
sample in Fig. 2b is a typical result of a fast cooling process present dur-
ing vitrification [45], which is not surprising if taking the process-typical
high cooling rates of up to 10° K/s into account [6]. In contrast, the LPBF-
TPF sample does not feature a significant structural relaxation signal,
reflecting the much slower cooling rate of roughly 10 K/s that is achiev-
able with the used device [17,18] and by conductive cooling through the
sample volume itself.

Thermoplastic forming has been reported to have a negative influ-
ence on the ductility of BMGs since slowly cooled glasses are structur-
ally more relaxed, corresponding to a lower free volume and a lower
enthalpic state [45,46], and therefore tend to show increased brittleness
[47-49]. Yet, the present findings suggest that the influence of the relax-
ation state is rather neglectable as the oxygen embrittlement dominates
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the mechanical behavior, before and after TPF post-processing. So, in
case of the present alloy and process conditions, the mechanical proper-
ties before and after TPF can be assumed to be identical, thereby simpli-
fying the overall prediction of expectable mechanical performance of a
post-processed part. This decoupling of mechanical performance and
the TPF process further underlines its applicability as a viable post-
processing route.

First tests to increase the surface quality of an LPBF-formed sample
in setup (B), see Fig. 4b and ¢, show promising results by drastically low-
ering the roughness. Yet, residual artifacts remain visible, most likely
caused by initial irregularities in the LPBF-formed surface that were
too massive to be smoothed out in the present experimental setup.
Here, further testing campaigns for parameter optimization are needed.
Pretreating the LPBF surface before starting the TPF process by e.g. grit
blasting or sanding could erase protruding irregularities and, thus, in-
crease the surface quality achievable by TPF. The potential of such an ap-
proach is shown by the results of setup (C) in Fig. 4e and f. The
previously sanded beam precisely reproduces the TPF-imprinted tem-
plate and demonstrates the generally known net-shape formability of
BMGs [48,50] for the first time in case of an additively formed part.

A more complex TPF template form that combines the given part
containment from setup (B) with the fine structure pattern of setup
(C) could be used to add a functional surface to a LPBF-formed part
without changing its overall geometry through undesired plastic
deformation. Such a production route would allow to combine the
geometrical freedom of additive manufacturing with a tailorable
application-oriented surface optimization in part regions where it is ex-
plicitly needed. This is of interest especially for components that are too
complex to be formed by casting and require surface qualities that are
difficult to achieve by machining. Examples can be found in medical ap-
plications, e.g. for technology used for minimal-invasive surgeries. Fig. 5
schematically demonstrates such a LPBF-TPF production route for a
minimal-invasive clamp device. For this application, both clamp halves
have to provide form closure, and therefore demand for a precisely de-
fined surface pattern with low tolerances, which is applied by a local TPF
post-treatment.

If only a relatively small area with a defined surface pattern is
needed, an even more straight forward approach could be found that re-
nounces the use of a complex containment setup. Thereby, a small
heated template piston is to be pressed onto the respective area. The
surface is locally heated into the supercooled liquid state and is
imprinted by the piston template, while the surrounding volume re-
mains cold and in the undeformed glassy state. After imprinting, the pis-
ton template is removed, and the deformed surface area is cooled
quickly by the ambient material. Such a localized approach is especially
suitable for jewelry applications, where e.g. complexly skeletonized
LPBF parts could be surface finished or even personalized (similar to
an embossing process) through imprinting. Here, Pt-based BMG sys-
tems would be promising candidates, since they combine high thermal
stability against crystallization, ductile mechanical behavior even after
slow cooling, and a high resistance against oxygen absorption due to
the noble metal character [49,51].

Furthermore, a recent study by Bochtler et al. demonstrated the
principal possibility to use TPF for consolidation of AMZ4 powder to
highly dense bulk material with a low minimal porosity [18]. In the
present study, the density measurements suggest that the LPBF-
formed samples already show a porosity level low enough to remain
unchanged after TPF processing, most likely since closed gas pores em-
bedded in the bulk material cannot easily be erased through pressing in
the supercooled liquid state. Yet, the results by Bochtler et al. [18] sug-
gest that TPF could be a valid option to increase the relative density of
additively formed BMG-parts with higher degrees of porosity, leaving
this approach as a possible topic of future studies. A similar post-
processing technique is already established for crystalline additively
formed metals in form of hot isostatic pressing (HIP) [52,53].
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Fig.4. a) Piston set used for TPF setup (B), consisting of two polished pistons and a cylinder casing, that allows to press and smoothen the rough surface of an LPBF as-built cylinder (placed
on top of the lower piston) without severe change of geometry through plastic deformation. Optical microscopy image, b), and SEM secondary electron contrast image, c), of the as-built
(left) and TPF-pressed cylinder surfaces in direct comparison. d) Hard metal template (left) and imprinted LPBF-formed beam (right) from setup (C). e) The surface structure of the
template shows a periodic structure with fine milling cuts (left), which is directly mirrored on the imprinted beam (right). The respective SEM secondary electron images, f), confirm
the remarkable surface reproduction.
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Fig. 5. TPF post-processing can be used to add finely structured surface patterns to additively formed BMG parts in regions that demand special surface requirements. In this schematic
example, a LPBF-formed half of a clamp device used for minimal-invasive surgery is locally imprinted with a fine grit pattern using a template that features the negative shape of the
desired pattern. Due to local containment around the TPF-processed region, severe geometry change through plastic deformation is avoided.

5. Conclusion

Overall amorphous AMZ4 specimens were produced by LPBF addi-
tive manufacturing according to previous studies. The possibility of
TPF post-processing of these samples is explored in the present work,
leading to three conclusions: 1) In principle, LPBF-formed AMZ4 pro-
vides enough thermal stability to withstand TPF without severe crystal-
lization effects. Synchrotron XRD may allow to detect small degrees of
crystallinity induced by TPF, but the mechanical properties remain
mostly unchanged on a high level and encourage industrial applications.
2) The typical surface roughness of as-built LPBF-formed samples can be
drastically reduced through TPF, albeit preliminary steps like sanding or
sand blasting might be needed to get completely rid of remaining sur-
face artifacts. 3) Imprinting of sanded LPBF-formed AMZ4 can create
TPF-typical near-perfect surface pattern.

Due to their unique amorphous structure, BMGs are the only metal-
lic materials that offer the possibility to apply thermoplastic forming.
The present study provides the proof of principle that this net-shape
creating method can be used to post-process additively formed metallic
glasses. This is a distinct advantage over additively formed crystalline al-
loys and allows for novel production routes, especially for medical and
jewelry applications.
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Abstract of the article

Laser powder bed fusion (PBF-LB/M) of bulk metallic glasses (BMGs) has experienced
growing scientific and industrial interest in the last years, with a special focus on
application relevant systems based on zirconium. The high cooling rates and the layer-
wise build-up process allow overcoming size and geometry limitations typical for
conventional casting routes. Yet, the novel production approach requires different alloy
characteristics than casting processes. The present work reports for the first time on the
PBF-LB/M-processing of three CuTi-based bulk metallic glass formers in the Vit101
system, allowing to exceed the mechanical performance of most additively formed Zr-
based BMGs. Furthermore, the influence of alloy properties like thermal stability and
toughness on the PBF-LB/M applicability are systematically studied. Thermal stability
plays a minor role to produce amorphous specimen, while notch toughness is found to be
a more crucial aspect to achieve parts with low defect density and resulting high
mechanical performance. The results suggest fundamentally different alloy development

strategies adapted to the needs of the PBF-LB/M-process, leaving classical casting-based
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Laser powder bed fusion (PBF-LB/M) of bulk metallic glasses (BMGs) has experienced growing scientific and
industrial interest in the last years, with a special focus on application relevant systems based on zirconium. The
high cooling rates and the layer-wise build-up process allow overcoming size and geometry limitations typical for
conventional casting routes. Yet, the novel production approach requires different alloy characteristics than
casting processes. The present work reports for the first time on the PBF-LB/M-processing of three CuTi-based
bulk metallic glass formers in the Vit101 system, allowing to exceed the mechanical performance of most
additively formed Zr-based BMGs. Furthermore, the influence of alloy properties like thermal stability and
toughness on the PBF-LB/M applicability are systematically studied. Thermal stability plays a minor role to
produce amorphous specimen, while notch toughness is found to be a more crucial aspect to achieve parts with
low defect density and resulting high mechanical performance. The results suggest fundamentally different alloy
development strategies adapted to the needs of the PBF-LB/M-process, leaving classical casting-based optimi-
zation of glass forming ability behind and evolving towards a rather toughness-oriented optimization.

1. Introduction

Bulk metallic glasses (BMGs) are a novel class of engineering mate-
rials. They combine the high strength and hardness of metals with elastic
limits of up to 2 % usually only known from polymers, making them
highly interesting materials for manifold industrial applications [1].
BMGs can be produced by rapid cooling of the equilibrium liquid to
bypass crystallization and achieve vitrification at the glass transition
temperature. The glass forming ability (GFA) of a given BMG-forming
alloy can be quantified by its critical cooling rate (CCR), which de-
fines the lowest cooling rate that allows suppressing crystallization to
form a fully amorphous specimen. For conventional casting processes,
the CCR imposes limitations in geometry and size, expressed by the
critical diameter (d.), which is the maximum diameter that permits full
vitrification of a rod-shaped cast sample. Such limitations for conven-
tional casting processes hinder the industrial application of BMGs until

* Corresponding author.
E-mail address: maximilian.frey@uni-saarland.de (M. Frey).
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today.

Additive manufacturing (AM) through laser powder bed fusion (PBF-
LB/M) of metals bears the potential to overcome the size and geometry
constraints of casting processes. The layer-wise build-up principle with
its small melt pool dimensions incorporates highly localized melting and
solidification processes with extremely fast cooling rates of up to 10° K/s
[2], which is far beyond the usual CCRs of modern BMGs, which range in
the order of roughly 100 K/s. Studies have demonstrated the possibility
to produce amorphous Fe-, Ti-, Cu-, and especially Zr-based metallic
glasses [3-12] via PBF-LB/M. Complex geometries that are difficult or
impossible to cast have been realized, e.g., scaffold structures [3], to-
pology optimized structures [8], honeycomb structures for lightweight
applications [13], or even compliant mechanisms [14]. Furthermore,
additively formed BMGs can be post-processed by thermoplastic forming
(TPF) [15], allowing to apply advanced surface finishing and structu-
rization in a direct and efficient manner, unfeasible for crystalline
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metallic materials [16].

A major drawback of metallic glasses produced via PBF-LB/M is still
found in their mechanics. Effects like porosity, (nano-)crystallization,
structural relaxation, and chemical impurities usually lead to brittle
fracture below the material’s yield strength [17-20]. One of the few
exceptions is found in the commercially available Zr-based system
Zrsg 3Cusg gAlyg.4Nby 5 (trade name AMZ4 or Zr01 [21]) that has shown
to reproducibly reach the alloy’s yield strength of about 2.1 GPa for AM
samples before failure in (macroscopic) bending tests [13,16,18]. Yet,
the oxygen affinity of the Zr-based alloy together with the
oxygen-triggered crystallization kinetics [22] necessitates rather
high-purity powder feedstock to reach such high strengths combined
with robust process stability [18]. Here, CuTi-based alloys like Vit101
(Cuy7Tiz4Zr11Nig) [23] might emerge as a promising alternative, as they
feature low material costs, increased strength, and smaller sensitivity to
oxygen compared to most Zr-based alloys [24]. G. Garrett et al. [25]
showed that microalloying of Vit101 with Si (Cu47TissZr1NigSiy [26],
further termed Vit101Si) and a combination of Si and Sn
(Cuy;TizaZr11NigSiiSny [27], further termed Vit101SiSn) leads to three
main effects. Firstly, the GFA increases from a critical diameter of 4 mm
for Vit101 to 7.4 mm for Vit101Si and 6 mm for Vit101SiSn. Secondly,
the width of the supercooled liquid (SCL) region increases, making
Vit101Si and especially Vit101SiSn thermally more stable against
crystallization in the low-temperature regime around the glass transi-
tion. Thirdly, the mechanical properties change in the way that the al-
loys become harder, yet increasingly brittle with an increasing degree of
microalloying. Hence, alloying with Si and Si-Sn was found to be a
double-edged sword in terms of industrial applicability. On the one
hand, establishing a fully amorphous state through casting is facilitated
through the increased GFA, also, TPF processability is improved through
the enhanced thermal stability. On the other hand, the glassy state is
found to be intrinsically more brittle, leaving produced parts less resil-
ient against crack propagation and catastrophic failure. This ambivalent
effect of microalloying also applies for PBF-LB/M processing: The higher
thermal stability should toughen the material against crystallization
caused by the process-typical cyclic remelting and annealing, but the
increased brittleness could provoke crack formation and diminish the
mechanical performance of manufactured parts.

Recently, Barreto et al. [28] have demonstrated that fully amor-
phous, PBF-LB/M-applicable powders of Vit101, Vit101Si, and Vit101-
SiSn can be atomized from commercial grade elements. The present
work continues this research by evaluating the microalloying-induced
trade-off between thermal stability and fracture toughness of these
CuTi-based compositions during PBF-LB/M processing. In this matter,
an PBF-LB/M parameter study was carried out to determine the pro-
cessability in view of the fabrication of amorphous, dense, and me-
chanically resilient samples, heading towards a deeper understanding of
specific requirements and challenges to adapt BMG compositions for
AM.

2. Materials and methods

Fully amorphous powders of Vit101, Vit101Si, and Vit101SiSn with
oxygen contents of 760 + 22, 750 + 10, and 737 + 35 pg/g, respec-
tively, and particle diameters between 20 and 63 pm were prepared by
close-coupled gas-atomization (CCA) as described in [28].
Cuboid-shaped samples (2.5 x 5 x 5 mm°, height x width x length)
were additively manufactured under Argon gas atmosphere using an
SLM 280 HL incorporating two 700 W fiber lasers with spot diameters of
70 um. All samples were processed on top of preheated Ti6Al4V sub-
strates at 373 K with a layer thickness ds of 20 pm and a hatch distance h
of 70 um. The cuboid samples were produced for all three alloys with
varying values of laser power and scan speed to define a range of pa-
rameters for fully amorphous samples with optimized relative density.
The laser power P was changed in 10 W steps from 50 W to 80 W, which
is taken into account in the sample notation by groups of samples being

Additive Manufacturing 66 (2023) 103467

termed A (50 W), B (60 W), C (70 W), and D (80 W). Within these groups,
the scan speed vs was changed from 1600 mm/s to 2200 mm/s in 200
mmy/s steps, indicated by the numbers 1-4. The volume energy density
Ey of each sample can be calculated as

P

Ev= vedih'

@

Table 1 summarizes laser powers, scan speeds and the resulting
volume energy densities for all samples, which range between 16.2 and
35.7 J/mm®. Besides the cuboid samples, beam-shaped samples for
mechanical testing (1.9 x 2.8 x 25.2 mm3) were built using the
medium-energy parameter set C3 (70 W, 2000 mm/s, 25.0 J/mm®) and
the high-energy parameter set D1 (80 W, 1600 mm/s, 35.7 J/mm®). The
reason for choosing these parameters will be justified later.

Cuboid samples were mechanically removed from the substrate for
further analysis. Sample preparation consisted of wet cutting the cu-
boids in half along the build direction and hot embedding one half in
epoxy resin (Technotherm 3000). The microsections were then sanded
and polished to analyze the relative optical density via light microscopy
using an Olympus BX51M device. Complementary, porosity and
microstructure of two polished Vit101Si microsections formed with the
low-energy parameter set A3 (50 W, 2000 mm/s, 17.9 J/mm?3) and the
high-energy parameter set D2 (80 W, 1800 mm/s, 31.7 J/mm®) were
studied via a Zeiss Sigma VP scanning electron microscope (SEM) in
secondary electron (SE) imaging mode and back-scattered electron
(BSE) imaging mode.

The remaining cuboid halves were analyzed in terms of their struc-
tural and thermophysical properties using X-ray diffraction (XRD) and
differential scanning calorimetry (DSC). Both methods investigate a
relatively large sample region or volume, and therefore provide aver-
aged information over a large number of additively formed layers. XRD-
measurements on the sanded center area of the cuboid halves were
carried out with a Bruker D8-A25 diffractometer applying the K,-radi-
ation of Cu with a wavelength of 1.5406 A. For calorimetry, the cuboid
halves were again cut along the build direction to achieve samples with
masses in the order of 25 mg. DSC temperature scans were performed
with a Perkin-Elmer DSC8000 under high-purity Ar flow in copper
crucibles. The samples were heated from 323 K to 973 K with a heating
rate of 1 K/s.

High-energy synchrotron X-ray diffraction (HESXRD) was performed
on the samples with the highest volume energy density (D1) to clarify if
small crystalline fractions are present, that cannot be resolved with
conventional laboratory-scale methods. The room temperature mea-
surements in transmission mode were performed at P21.2 beamline fa-
cility of PETRA III of the Deutsche Elektronen-Synchrotron (DESY).
Radiation with a wavelength of 0.177138 A (70 keV) was used, the
beam size was 500 x 500 um2. The setup featured a sample detector
distance of 949 mm and was geometrically calibrated via the diffraction

Table 1

Process parameters and resulting volume energy densities of the PBF-LB/M-
formed cuboid samples. Each combination of scan speed and laser power leads
to a specific volume energy density, which is given in the respective cell of the
table. The corresponding sample notation is added in the right lower corner of
each cell.

Volume energy density (J/mm®)
(Sample notation)

Laser power P (W)

50 60 70 80
A (B) ©) ()]
Scan speed (mm/s) 1600 223 26.8 31.3 35.7
(D (AD (B1) (&) [)))
1800 19.8 23.8 27.8 31.7
(2 (A2) (B2) €2 (D2)
2000 17.9 21.4 25.0 28.6
3 (A3) (B3) (&) (D3)
2200 16.2 19.5 227 26.0
@ A9 B4 (D) (2]
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pattern of CeOy. A VAREX XRD4343CT detector (2880 x 2880 pixels)
recorded the two-dimensional dark-image-corrected diffraction pattern
that was recorded with an acquisition time of 5 s per sample. The pattern
was further integrated using PyFAI and then processed with the
PDFgetX2 software [29] to obtain the background-corrected scattering
intensity 1(Q). Furthermore, the two-dimensional pattern were also
caked in 8 pieces with an azimuthal range of 45° to check for crystalline
reflexes with a further improved signal-to-noise ratio.

Macroscopic mechanical testing of the beam samples was performed
in a three-point-beam bending (3PBB) setup with a Shimadzu testing
machine as described in detail in [13]. Due to the large interface area
between sample and substrate, the beams were removed by electric
discharge machining (EDM). The surface of the beams was sanded (1200
grid) to exclude the influence of surface roughness acting as crack
initiation sites [30] and to achieve a well-defined geometry. Four to five
specimens per alloy and parameter set allowed for statistics. The engi-
neering stress ¢ and strain e on the specimen surface are calculated as

3FL

° = 2 @
and

6Dh
e="r (©)]

Here, F is the applied force, L is the support span of 20 mm, b is the
sample width, h is the sample height, and D is the displacement at the
sample center. Complementary, the morphology of fracture surfaces was
further analyzed via SEM imaging (SE) as described above.

Besides the AM samples, as-cast beam-shaped samples in the same
geometry as the additively manufactured beams were produced to serve
as references for DSC and mechanical analysis. In a first step, high-purity
raw elements were arc-melted and mixed under a Ti-gettered high-pu-
rity Argon atmosphere on a water-cooled copper plate. Several remelt-
ing steps ensure the formation of a homogeneous yet still crystalline
master alloy. In a second step, the material was remelted by arc-melting
and subsequently suction cast in a water-cooled copper mold to form a
completely amorphous beam. A detailed description can be found ine. g.
[31,32].

The oxygen contents of AM beam-shaped samples manufactured
with the parameter set D1 as well as the as-cast beam references were
measured via hot gas carrier extraction (ELTRA ONH-2000) using heli-
um (99.999 %). Five specimens per sample were measured and the re-
sults were averaged.

3. Results
3.1. Light microscopy

In a first step to assess the applicability of the three alloys for the
PBF-LB/M process, the process stability and crack formation in the

cuboid samples are qualitatively evaluated. As often described by
literature [10,18], lack of fusion (LOF) defects decrease with increased

a) Vit101 - D1
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volume energy density (at least for moderately high energy densities as
investigated in this study), as clearly visible in Figure A in the Supple-
mentary Material. This tendency will be later quantified by optical
density results in subsection 3.2. Furthermore, a clear trend is observ-
able as process-induced cracking and porosity are promoted by an
increasing number of microalloying components. In Fig. 1, representa-
tive light microscopy images of the D1 samples with the highest volume
energy density (35.7 J/mm?®) of all three alloys are compared. Vertical
cracks are visible in the Vit101 and Vit101Si microsections. The cracks
initiated from the base of the samples previously in contact with the
build platform, which is known to be a weak spot region in PBF-LB/M
processing of BMGs [33]. This is likely to be caused by the dissimilar
pairing of the CuTi-based BMGs and the Ti6Al4V substrate plate. The
mismatch of the thermal expansion coefficients induces thermal stresses.
Additionally, the intermixing of the alloys may lead to the weakening of
the interface region due to the formation of intermetallic phases [34,35].
Nonetheless, the bulk material seems to withstand the apparent residual
stresses during the consecutive build-up. On the contrary, Vit101SiSn
reveals horizontal and vertical cracks in the prepared cross-sections.
Horizontal cracks are initiated by in-plane residual stresses that origi-
nate from the rapid solidification. The thermal gradients between the
exposed and the solidified layer typically induce large tension stresses
during cooling, which mostly dominate the residual stresses in
PBF-LB/M [36-38]. Apparently, the residual stresses exceed the strength
of the PBF-LB/M processed Vit101SiSn which leads to the observed
cracking in the bulk sample volume. Yet, Vit101 and Vit101Si withstand
the in-plane stresses for the given conditions. The crack formation ap-
plies to the majority of Vit101SiSn samples, resulting in numerous losses
of samples through harshly ruptured cuboids. Eventually, sample frag-
ments interfered with the powder deposition and led to increased LOF.

As no meaningful set of specimens could be obtained, Vit101SiSn
was excluded from further analysis. Besides these composition-specific
effects, it is found for all three alloys that samples manufactured with
the highest scan speed of 2200 mm/s (parameter set “4”) tend to feature
an unstable sample-substrate connection. This results in relatively
frequent sample losses during processing. Accordingly, the lost samples
are also not part of further analysis.

3.2. Diffraction, calorimetry, and density studies

Figs. 2(a) and (b) display all XRD results of the Vit101 and Vit101Si
cuboid samples. The different colors indicate the laser power used to
manufacture the respective specimen. For all investigated samples, the
broad diffraction halo typical for amorphous materials together with the
absence of crystalline reflexes can be observed. For e.g., an PBF-LB/M-
formed Zr-based BMG (AMZ4), it has been demonstrated that a too
high laser energy input can lead to thermally induced crystallization
[10,18]. As small (nano-)crystalline fractions can be easily overlooked
by conventional XRD due to the method’s resolution limits [16,39], the
samples with the highest Ey value of 35.7 J/mm® (D1) are
double-checked via HESXRD. This method allows the detection of
smaller crystalline fractions due to the extremely brilliant synchrotron

Fig. 1. Representative light microscopy images of the cuboid samples of all three compositions produced with the highest volume energy density of 35.7 J/mm®
(D1). The build direction is from the bottom towards the top. With growing degree of microalloying, the tendency to form defects like pores and cracks increases.
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Vit101

Intensity (a.u.)

Increasing E,,

Increasing E,,

Vit101Si

Fig. 2. In (a) and (b), all XRD diffractograms of
the Vit101 and Vit101Si cuboid samples formed
with different parameter sets are given. The
applied Ey increases from the bottom to the top,
the different colors indicate the applied laser
power. No crystalline reflexes can be observed.
The samples with the highest Ey (D1) are
furthermore analyzed via HESXRD, the
normalized background-corrected scattering
intensities are given in (¢) and (d). Again,
crystalline reflexes are completely absent.

L L s

q (A"

source and the resulting exceptional signal-to-noise ratio. Figs. 2(c) and
2(d) show the normalized background-corrected scattering intensity I
(q)/1(q1) of the D1 cuboids, which lack any crystal reflexes, thereby
underlining the synchrotron-amorphous state of these samples. Also, the
caking approach does not reveal reflexes, see Figure C in the Supple-
mentary material. Hence, thermally induced crystallization effects can
be mostly excluded for Vit101 and Vit101Si samples manufactured in
the parameter range investigated in this work.

Asreported in [28], the powder feedstock features 760 and 750 pg/g
oxygen for Vit101 and Vit101Si, respectively. In the present work, the
samples additively manufactured from this powder material with
parameter set D1 (35.7 J/mm®) show values of 857 + 14 and 883
=+ 16 pg/g oxygen contamination. In contrast, the high-purity as-cast
samples only feature 168 + 5 and 173 + 7 pg/g oxygen for Vit101 and
Vit101Si.

Complementary to the oxygen measurements, Figs. 3(a) and (b)
display the DSC traces of the Vit101 and Vit101Si powder feedstock
material (previously published in [28]), the D1 AM-samples as well as
the as-cast references. For all Vit101 samples, the onset of the glass
transition, Tg, occurs at about 690 K, followed by a short supercooled
liquid (SCL) region of about 60 K length that is terminated by the onset
of crystallization Ty at roughly 750 K. In contrast, the Vit101Si samples
feature a 10 K longer SCL with a Tg of about 705 K and a Tx of roughly
775 K, confirming the previously reported increased thermal stability
due to the Si addition [25,26,28]. For both alloys, neither the length of
the SCL (i.e., the thermal stability) nor the shape, size, or position of the
crystallization peaks appears to be strongly affected by the processing
route and resulting oxygen content of the different DSC samples. The
enthalpies of crystallization AHy of all analyzed samples are determined
by integration over the crystallization signal. Figs. 3(c) and 3(d) show
AH, for each AM cuboid as a function of Ey. Samples manufactured with
the same laser power feature the same color. The AH values of the
high-purity as-cast samples are found to be — 6980 J/g-atom for Vit101

36 38 40 42 44 46 48 36 38 40 42 44 46 48
26 (°) 20 (°)
Le) vit101 | Ld) Vit101Si
/\ f o1
sl | I -
s j \ 0.2[ f \ 0,21
L \ o b / \ 4
A A _
/ . ¥ E—— K/\_r\
2 3 4 5 6 7 8 9 10 2 3 4 6 7 8 9 10

q (A7)

and — 6810 J/g-atom for Vit101Si, exhibiting typical values for fully
amorphous samples of the present compositions [27,40]. These values
serve as reference marks for the AM samples and are indicated as dashed
lines. For both alloys, the reference AHy values are quite well repro-
duced by the high-laser-power parameter sets (“C” with 70 W and “D”
with 80 W) with volume energy densities above roughly 25 J/mm°.
Samples with lower Ey (especially parameter sets “A” and “B”) tend to
show deviations in form of less intense crystallization events with AHy
values of up to — 6000 J/g-atom.

In Figs. 3(e) and 3(f), the relative optical densities as a function of Ey
are shown. Low Ey values lead to insufficient densification due to LOF
and resulting porosity, especially for the low-laser-power parameter set
“A” (50 W). LOF typically originates from an insufficient overlap of
adjacent weld tracks, and thus, incomplete melting of the powder layer.
The size of the melt pools correlates with the applied laser energy. Since
multiple parameters (e.g., laser power, scan speed, or hatch spacing)
affect the energy input, the volume energy density is often used as a
measure for different parameter settings [41]. With rising Ey, densifi-
cation improves towards a relatively stable plateau with more than 99 %
densification for volume energy densities above roughly 25 J/mm?>.
Hereafter, the density only slightly increases with further rise of Ey. For
both alloys, the highest densification is achieved with the highest Ey of
35.7 J/mm® (D1), with 99.92 + 0.03 % for Vit101 and 99.87 + 0.09 %
for Vitl101Si. Figure A in the Supplementary material exemplarily
demonstrates the trend from LOF-porosity to high-density with
increasing Ey.

3.3. Scanning electron microscopy

Sample densification is further studied via SEM imaging of repre-
sentative Vit101Si cuboids formed with the low-energy parameter set A3
and the high-energy parameter set D2, both highlighted in gray in Fig. 3
(f). The A3 sample features a low optical density of 88.72 + 1.15 %,



Chapter 5: PUBLICATIONS

M. Frey et al.

Additive Manufacturing 66 (2023) 103467

(o))
o
-
—

J/(g-atom K))
g

Fig. 3. In (a) and (b), DSC scans of powder
material, representative samples PBF-LB/M-
formed with the parameter set D1, and high-
purity as-cast samples are shown for Vit101
and Vit101Si. The oxygen content of the sam-
ples is given in the captions. The powder DSC
scans are taken from [28]. The crystallization
enthalpy of all cuboid samples is determined by
integration and displayed in (c) and (d) as a
function of the applied volume energy density.
Above about 25 J/mm?®, AH, stabilizes at the

Vit101

level of the as-cast references (dashed lines). In
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(e) and (f), the respective relative optical den-
sities are given, also as a function of the applied
volume energy density (the error bars reflect
the standard deviation). Low Ey results in
insufficient densification, but above 25 J/mm?,
densities higher than about 99 % (dashed line)

-100+ are reached. Hence, the optimized parameter
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w 150k [ PBF-LB/M (D1) - 883 ug/g D1 (highlightegl), correspondir;g to'an .EV range
o As-cast - 173 / from 25 J/mm® to 35.7 J/mm>, as indicated by

-200+ . - Ho/g . ) ) ) ) ) the light green background. The cuboid samples

550 600 650 700 750 800 850 900 950 A;’; ar?d D2 flfrther analyzed by SEM imaging are
highlighted in gray.
. T (K)
19 Vit101 | [ d) Vit101Si |
€ ol 11 ]
& 5l ® 50W(A) ]
) A 60W(B)
S 4r T0W(C) o ]
< 5 - ® 80W (D) ]
T
= 6
7 E= = = ==
100 N
X 98 Ch
> 96
€ ml ® 50 W (A)
% ol § A 60W(B) 1
Bl owe) @ ]
> + ® 80W (D) +
T 88 ]
© 86} 1 ]
x .t ¢ vitto1 | | Vit101Si |
84 . . . : o ; : :

15 20 25 30 35 15 20
Volume energy density (J/mm?)

which is directly reflected by the SE image in Fig. 4a), where a large
degree of porosity can be identified. Figs. 4(b) and 4(c) show higher-
magnification SE and BSE images of representative pores, as indicated
by the white frame in Fig. 4(a). These are irregular in shape and
incorporate unmolten or only partially molten particles typical for LOF
defects. The defects feature a slightly horizontal orientation, reflecting
the layer-wise build process. Yet, no signs of crystallization in the form
of a phase-contrast can be detected in the BSE image. In contrast, Fig. 4
(d) shows the SE image of the D2 sample that features a high optical
density of 99.85 + 0.01 %. Besides a distinct crack that originates from
the sample-substrate interface, only sporadic pores can be identified,
which show spherical geometry typical for gas enclosures.

25 30 35

Volume energy density (J/mm?%)

3.4. Mechanical testing and fractography

Fig. 5 presents the three-point beam bending results. In Fig. 5(a), the
as-cast specimen of Vit101 is depicted as black solid curves with a
Young’s modulus of 103.7 GPa and yield strength in the order of
2.5 GPa. A maximum strength of 3.30 GPa and a significant plastic
regime of more than 3 % are observed. In the case of the high-energy
parameter set D1, the additively formed Vit101 samples reach a
Young’s modulus of 100.1 + 2.0 GPa and a maximum strength of 2.47
=+ 0.05 GPa, while lacking significant plastic deformation. Contrast-
ingly, the Vit101 samples formed with the medium-energy parameter set
C3 show a distinctly lower Young’s modulus of 85.8 + 3.1 GPa, coupled
with a relatively low maximum strength of 1.72 + 0.17 GPa on average.
Remarkably, the C3 samples show a higher scatter than the D1 samples,
especially in terms of maximum strength. The as-cast Vit101Si sample in
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Fig. 4. SEM imaging of two representative cuboid samples. The build direction
is always from the bottom towards the top. In (a), the low-energy sample A3
with a relative optical density of 88.72 £ 1.15 % is fully displayed via SE im-
aging. The irregularly shaped LOF-porosity is clearly visible. The region in the
white rectangle is zoomed in in (b), where non-molten powder particles inside
the pores can be recognized. (c) shows the same region imaged via BSE, no
phase-contrast occurs. In contrast, (d) depicts the SE image of the D2 high-
energy sample with a relative optical density of 99.85 + 0.01 %. Besides a
Srack in the lower part, only sporadic and rounded gas pores are visible.

Fig. 5(b) behaves almost identically to the as-cast Vit101 sample, only
with a reduced plastic deformation regime of about 1.5 %. Vit101Si
samples additively formed with both parameter sets show a similar
behavior as the Vit101 C3 samples: A noticeably decreased Young’s
modulus paired with a scatter-afflicted maximum strength below the
reference’s yield strength.

Fig. 6 provides SEM images (SE) of the fracture surfaces of Vit101
and Vit101Si D1 beams after 3PBB testing. Both fractograms in Figs. 6(a)
and 6(b) show a similar appearance. A rather smooth and straight region
is formed at the top of the samples (the region that experiences the
highest tension stress, as the samples are loaded from below), which is
often addressed to shear band forming and delamination [42]. The
remaining majority of the fracture surfaces feature a rough appearance,
typical for rapid fracture [42]. In this rough rapid fracture region,
river-like structures can be observed, as shown in Figs. 6(c) and 6(d).
Within these, typical dimple patterns are present, as shown in the
zoomed-in regions in Figs. 6(e) and 6(f). For Vit101, homogeneous river
structures with relatively pronounced and large-scale dimples are
visible. In contrast, Vit101Si features rather heterogenous river struc-
tures, with less evolved dimples that show smaller scales than the ones
observed for Vit101.

4. Discussion

4.1. Oxygen influence

The oxygen contamination of the present PBF-LB/M-formed speci-
mens is roughly five times higher in comparison to the as-cast reference
specimens. The reason can be found in the processing route itself: the
AM samples are made from powder feedstock of industrial-grade purity
with a high surface-to-volume ratio, which allows for a large oxygen
absorption. Reviewing oxygen contaminations in comparable systems,
Wang et al. [7] reported on PBF-LB/M-manufacturing of Ti-based
metallic glass (Tig7CuggZry sFes sSnySijAgs) with 1250 ug/g oxygen
content made from powder feedstock with 930 pg/g oxygen.
PBF-LB/M-formed Zrsy 5Cu17.9Ni14,6Al10Tis metallic glass was reported
to feature 920 pg/g oxygen, while the used powder includes 487 ug/g
oxygen [43]. In the case of the commercially available
Zrsg 4Cuyg gAl10.4Nby 5 (AMZ4), oxygen contents of powder feedstock
can vary over a broad range from about 600 up to 2292 ug/g [18]. The
comparability of these values might be limited due to various factors like
the purity of the initially used raw elements, the choice of the powder
atomization process, the respective process atmosphere, or also the
particle fraction used, as smaller powder particles feature a larger
surface-to-volume ratio and therefore a higher oxygen uptake [28]. Still,
it can be claimed that the present CuTi-based alloy powders and
AM-samples feature relatively moderate oxygen contaminations of
about 750 and 850 pg/g, respectively, although the large content of Ti
and Zr (together about 45 at%) would predetermine a strong oxygen
affinity.

For Zr-based BMGs, it is well known that oxygen alters the crystal-
lization mechanism by changing the primary phase and therefore de-
creases the GFA and thermal stability [21,44-47], and accordingly the
robustness against thermally induced crystallization during PBF-LB/M
processing [18,22]. In contrast, the GFA of Vitl101 and its derivatives
is reported to be relatively resistant against its deterioration through
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Fig. 5. Stress-strain curves determined by 3PBB mechanical testing for (a)
Vit101 and (b) Vit101Si. The first value written on the curves reflects the
Young’s modulus, the second gives the maximum strength. The provided error
values reflect the standard deviations. The as-cast curves are shown in black
and serve as references. For comparison, the curves of PBF-LB/M-formed AMZ4,
a Zr-based metallic glass former, are taken from [16,18] and added as black
dashed lines. Only the D1 parameter sample set of Vit101 allows reaching the
as-cast Young’s modulus as well as its yield strength of about 2.5 GPa before
brittle fracture occurs. All other parameter sets lead to a decreased Young’s
modulus as well as brittle fracture before the materials yield strength is
reached. For some curves, the testing device causes artifacts in the low-strain
regions, which are excluded for defining the Young’s modulus.

impurities and especially oxygen contaminations, as no difference in
critical casting diameter was found for samples cast from high-purity
and industrial-grade material [24]. The presented DSC scans reveal
that the length of the SCL, crystallization event morphology, and crys-
tallization enthalpies of Vit101 and Vit101Si are practically unaffected
by processing route and oxygen content, rendering the alloy system as a
robust and well-suited candidate for the rather contamination-affected
PBF-LB/M process.

4.2. PBF-LB/M parameter evaluation and microstructural aspects

While the XRD results in Fig. 2 suggest complete vitrification within
the investigated parameter range, the AHy values of low-energy samples
built with low laser power (50 W and 60 W) and an Ey of less than
roughly 25 J/mm® are distinctly higher (indicating a less intense crys-
tallization event) than the fully amorphous reference, suggesting a
partially crystalline structure, see Fig. 3. In the same Ey range below
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25 J/mm?, the optical density measurements reveal insufficient densi-
fication of less than 99 %. Both effects, the decreased crystallization
enthalpy and the insufficient densification, might be linked in the way
that cracks and high LOF-porosity could promote heat accumulations
caused by decreased thermal dissipation, leading to localized crystalli-
zation effects. The cuboid samples further investigated via SEM imaging
in Fig. 4 were chosen accordingly to verify this hypothesis. The high-
energy parameter set D2 serves as a highly dense and fully amorphous
(in terms of XRD and DSC) reference, while the low-energy A3 sample
shows substantially lower density and the lowest measured crystalliza-
tion enthalpy. The SE images in Figs. 4(a) and 4(b) allow to clearly
characterize the LOF-porosity of the A3 sample, yet, signs of crystalli-
zation cannot be identified due to the lack of phase contrast, as shown by
the representative BSE image in Fig. 4(c).

Glade etal. [48] have studied the isothermal crystallization behavior
above T, of Vit101. It was shown that phase separation and subsequent
crystallization results in nanocrystals of only several nm in size. Bochtler
suggested that the primary crystallization species of Vit101 upon heat-
ing and cooling is probably a ZrTiCu, laves phase, which features a
marginal structural fingerprint even when analyzed with the excellent
signal-to-noise ratio of HESXRD, as demonstrated by B. Bochtler in [24].
Hence, the small crystal size as well as the rather marginal diffraction
signal of the primary crystallization phase seem to leave conventional
SEM and XRD as unpreferable methods with too low resolution to
identify partial crystallization in the present alloys. AHy screening via
DSC scans appears to be a more sensitive approach to resolve small
nanocrystallization effects, as previously reported in [16]. Interestingly,
the Zr-based AMZ4 does not show a comparable loss of AHx when low Ey
values create insufficient density and LOF, as exemplarily shown by
Wegner et al. [18]. Therefore, the observed decrease in AHy for low-Ey
samples due to possible nanocrystallization might be an alloy-specific
effect, which shall be investigated separately via high-resolution
methods like TEM or broader use of HESXRD studies.

Besides such instabilities in the low-density parameter range below
about 25 J/mm®, XRD, DSC, and HESXRD show no signs of crystalliza-
tion for Vit101 as well as Vit101Si, even for the highest Ey of 35.7 J/
mm?. This is a partially astonishing result, as Vit101Si features a
significantly more stable SCL region in DSC scans than Vit101 with its
only marginal SCL stability. Theoretically, the difference in thermal
stability should result in a distinct advantage of Vit101Si in terms of
robustness against higher Ey values, since it renders the alloy more
resilient against the process-inherent cyclic thermal loads in the heat-
affected zone of the melt pool. Yet, within the present parameter win-
dow, no differences can be identified, postponing the definition of the
limiting Ey thresholds for retaining fully amorphous specimens to a
successive study with larger laser intensities applied.

4.3. Mechanical performance

Summing up, an Ey range for the PBF-LB/M processing of highly
dense and fully amorphous samples can be defined between about 25
and at least 35.7 J/mm®, indicated by a light-green background in
Figs. 3(¢) - 3(f). The lower and upper boundaries of this process window
are marked by the parameter sets C3 (2000 mm/s, 70 W) and D1
(1600 mm/s, 80 W), respectively. Previous studies on the Zr-based
AMZ4 [16,18] showed that fully amorphous and density-optimized
PBF-LB/M samples can reach the alloy’s yield strength before brittle
fracture without observable (macroscopic) plasticity occurs. Accord-
ingly, the process window defining parameters C3 and D1 were chosen
to build samples for the three-point bending tests.

The results in Fig. 5 reveal that only Vit101 manufactured with the
high-energy parameter set D1 reaches the Young’s modulus and the
yield strength of the as-cast reference with an exceptional maximum
strength of about 2.5 GPa. To our knowledge, this sets a new record for
additively formed BMGs measured in (macroscopic) beam bending,
outperforming the previous record-holder AMZ4 [16,18] by about
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0.4 GPa (an increase of about 19 %) as shown in Fig. 5. The other three
batches, the medium-energy C3 beams made from Vit101 as well as both
Vit101Si parameter sets, show significantly lower Young’s moduli and
fracture strength of less than 2 GPa with large scatter among the
different curves. As discussed above, crystallization can be ruled out for
C3 and D1 sets as the origin of such suboptimal performance.

Regarding the results of the two Vit101 parameter sets D1 and C3
allows to directly identify the relative density as a main factor that de-
termines the mechanical performance. The medium-energy set C3 fea-
tures an 1% lower relative density than the highly densified D1 set
(98.92 + 0.61 % and 99.92 + 0.03 %, respectively), corresponding to a
higher number of remaining defects like pores or cracks. These act as
stress risers and therefore lead to premature fracture before the alloy’s
yield strength is reached, as previously highlighted in various studies
[18,49,50]. The reduced Young’s modulus of the C3 set may also be
explained by relative density considerations, as Shi et al. [19] have
recently demonstrated that increased porosity in PBF-LB/M-formed
AMZ4 leads to a decrease in Young’s modulus.

The Vit101Si C3 samples also feature a suboptimal relative density
(98.87 + 0.91 %) due to the applied medium-energy parameter set.
Here, the negative influence of remaining defects can be seen as origin
for the diminished mechanical performance, too.

A different picture is found when comparing the D1 sets of Vit101
and Vit101Si. Both sample sets feature maximized and basically
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Fig. 6. SEM imaging (SE) of the fracture sur-
faces of tested D1 beams. (a) and (b) give an
overview over the whole fracture surfaces of the
Vit101 and Vit101Si samples. The beams were
loaded from below, resulting in tension stress in
the upper part. For both samples, a small
portion on the top of the surface shows a flat
appearance, most probably corresponding to
the initial step of shear band forming and
delamination [42]. The rest of the fracture ap-
pears rather rough, indicating a rapid fracture
as a second step [42] with typical river-like
pattern highlighted in (c¢) and (d). Zoomed-in
images of the river-like structures in (e) and
(f) reveal dimple pattern, which show a larger
and more homogeneous structure in case of
Vit101.

identical relative densities of 99.92 + 0.03% and 99.87 + 0.09 %,
respectively. Accordingly, differences in relative density are ruled out as
origin of the diminished performance of the Vit101Si D1 samples.
Instead, the alloy-specific fracture toughness can be identified as the
second main factor that determines the mechanics. Garrett et al. [25]
revealed that microalloying with Si and Sn leads to embrittlement in the
Vit101 system. The notch toughness Kq of high-purity as-cast specimens
was reported to decrease from 103.40 MPam'? for Vitl01 to
90.92 MPa m'/? for Vit101Si and even 54.84 MPa m'/? for Vit101SiSn.
Here, the circle closes towards the initially presented light microscopy
results for the D1 cuboids in Fig. 1 and the cuboid overview in Figure A
in the Supplementary material. Vit101Si and especially Vit101SiSn
show increased crack formation, most probably since their lower
toughness renders them more vulnerable to thermally induced stresses
during PBF-LB/M processing. Finally, the reduced toughness leaves the
Vit101Si D1 beam samples less resilient against such PBF-LB/M-typical
defect sites, resulting in premature failure during the 3PBB
measurements.

Xietal. [51] have demonstrated that the size scale of viscous features
like vein pattern and dimples observed in the fracture surface correlates
directly with the fracture toughness of the respective BMG. Ductile
BMGs tend to form homogeneous pattern with microscale sizes, while
brittle systems feature smaller structures like nano-waves [42,52]. The
fractograms in Fig. 6 reveal that Vit101 shows larger and more
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homogeneous dimple structures in the rough rapid fracture surface re-
gion than Vit101Si, thereby well reflecting the toughness difference
between the two alloys within the size scale concept introduced by Xi
etal. [51].

4.4. Industrial relevance

The present evaluation process demonstrates that the non-
microalloyed base alloy Vit101 is the most suitable of the three inves-
tigated systems for PBF-LB/M applications. The relatively high tough-
ness of Vitl01 allows for minimizing crack formation, resulting in
superior mechanical performance, while the relatively low thermal
stability plays a surprisingly neglectable role as it does not lead to un-
favorable effects like thermally induced crystallization.

From an economic point of view, Vit101 (Cug7Tiz4Zr11Nig) features
the advantage that it consists of relatively cheap and broadly used in-
dustry metals, mainly Cu and Ti. The small amount of the higher-priced
Zr does not harshly increase the overall raw material expenses.
Furthermore, it was systematically evaluated by Barreto et al. [28] that
industrial-grade elemental metals can be used for successful powder
atomization in just one processing step, without the need for any kind of
prealloying. The present study uses exactly this industry-attractive
powder produced by Barreto et al. [28] and demonstrates its applica-
bility to additively form highly performant parts. Vit101 is therefore a
possible competitor for the commercially available and already estab-
lished Zr-based AMZ4 alloy. Both systems feature similar Ty, yet, as
demonstrated in Fig. 5(a), additively formed Vit101 is stronger and
stiffer than AMZ4. As-cast Vit101 also features a higher hardness of 576
HV5 [24] than as-cast AMZ4 with 467 HV5 [53]. Finally, AMZ4 as a
Zr-based system is prone to oxygen that can, in case of high contami-
nation levels, deteriorate the PBF-LB/M processing window as well as
the mechanical performance [18]. In contrast, Vit101 has proven to be
robust against oxygen contamination effects in the present study. On the
other hand, the relatively high amount of Cu leaves Vit101 less resistant
against corrosive attacks [31,54,55], Also, Ni might be problematic in
terms of biocompatibility [31,56]. Furthermore, Vit101 still shows a
certain tendency towards process-induced crack formation, while
nothing comparable was reported for AMZ4 in various studies [10,13,
16,18,50]. Best et al. [30] showed that as-cast AMZ4 features a Kg of up
to 138.0 MPa m1/2, while Garrett et al. [25] reported 103.40 MPa m?/?
for Vit101. The comparability between the notch toughness values ob-
tained in the two different studies should be seen with caution, as Ko
depends on the tested sample dimensions and other experimental con-
ditions, unlike the normed fracture toughness Kic. Still, the difference in
toughness between AMZ4 and Vit101 is also qualitatively visible in the
stress-strain diagram of as-cast samples in Figure B in the Supplementary
material, where AMZ4 shows distinctly higher ductility than Vit101 and
the even more brittle Vit101Si. Hence, for Vit101 as the stronger, but
also less tough system in the comparison, it is of special importance to
minimize defect density in form of pores and cracks during PBF-LB/M
processing to emphasize its superior mechanical performance.

5. Conclusion

Three CuTi-based bulk metallic glass formers, Vit101
(CugyTizaZr1iNig), Vitl01Si (CugyTizsZri;NigSiy), and Vit101SiSn
(Cuy7Tiz3Zr11NigSi; Sny) were evaluated in terms of their applicability to
form highly dense, amorphous, and mechanically robust PBF-LB/M
parts. The Vit101 base alloy was found to be the most promising and
potent alloy for PBF-LB/M processing. The addition of Si and especially
Si-Sn increased thermally induced crack formation and process insta-
bility to a point that led to the exclusion of Vit101SiSn from the
screening due to frequent sample loss. Vit101Si was able to form
amorphous samples with low porosity over a broad parameter window,
yet, the relatively low notch toughness and the tendency to form cracks
prohibited optimized strength values. Vit101 showed the same robust
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parameter window for fully amorphous and highly dense processing but
was able to reach an outstanding bending strength of about 2.5 GPa, as it
features the highest toughness of the three systems.

The present work underlines that the PBF-LB/M process asks for
different alloy properties than conventional casting routes to produce
fully amorphous and mechanically well performing parts. GFA,
conventionally defined in terms of the critical casting diameter, loses its
significance in the face of a layer-wise, highly dynamic, and localized
melting and vitrification process. Also, thermal stability, classically
expressed via the length of the SCL region upon heating, seems to play a
minor role, at least for the relatively good glass formers investigated in
the present study. Instead, notch toughness and robustness against
thermally induced crack formation are found as key parameters to avoid
brittle products and processing issues due to structures sheared apart.
Hence, future glass forming alloy development and optimization for
PBF-LB/M applications should lay focus on the later aspects instead of
classical casting-oriented GFA optimization.
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Abstract of the article

The binary Nis2Nbss bulk metallic glass exhibits attractive mechanical properties like a
yield strength of more than 3 GPa and a hardness of more than 900 Vickers. Due to its
limited glass forming ability in casting processes, industrial applications of this
impressive material are still pending. Additive manufacturing via laser powder bed fusion
(PBF-LB/M) can allow to overcome these limitations. Therefore, we present the first PBF-
LB/M parameter study on Nis2Nb3s. We are able to achieve high densification and almost
fully amorphous samples, thereby demonstrating the general applicability of PBF-LB/M
to process binary amorphous Ni-Nb alloys. Furthermore, two challenges can be identified,
which have to be addressed before additively formed Nis2Nbss can be considered for
commercial use. Future parameter fine-tuning must lead to fully vitrified samples, and
one must also find a way to avoid crack formation during processing, which was found to

be one of the main issues in the present study.
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Abstract

The binary Nig,Nb;g bulk metallic glass exhibits attractive mechanical properties like a yield strength of more than 3 GPa
and a hardness of more than 900 Vickers. Due to its limited glass forming ability in casting processes, industrial applications
of this impressive material are still pending. Additive manufacturing via laser powder bed fusion (PBF-LB/M) can allow to
overcome these limitations. Therefore, we present the first PBF-LB/M parameter study on Nig,Nb,g. We are able to achieve
high densification and almost fully amorphous samples, thereby demonstrating the general applicability of PBF-LB/M to
process binary amorphous Ni—-Nb alloys. Furthermore, two challenges can be identified, which have to be addressed before
additively formed Nig,Nb,g can be considered for commercial use. Future parameter fine-tuning must lead to fully vitrified
samples, and one must also find a way to avoid crack formation during processing, which was found to be one of the main

issues in the present study.

Keywords Metallic glass - Amorphous metal - Additive manufacturing - Selective laser melting - Laser powder bed fusion

1 Introduction

Bulk metallic glasses (BMGs) feature favorable material
properties that result from their amorphous structure. High
strength, hardness, and, for metals, exceptionally large elas-
tic limits of about 2% constitute a disruptive potential for
structural applications [1]. To obtain a metallic glass, the
high-temperature melt must be quenched fast enough to
ensure complete vitrification without crystallization. The
slowest cooling rate that avoids crystallization is termed
the critical cooling rate R, which is a direct measure of
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the alloys glass forming ability (GFA). In terms of classical
casting routes, geometry-dependent heat dissipation implies
that the R results in a critical casting thickness, D, the
largest diameter, to which a fully amorphous rod can be cast.
For most BMGs, D is of the order of several millimeters
[1], which limits the industrial applicability of BMGs. Yet,
advances in process engineering have opened a new range
of possibilities. Laser powder bed fusion of metals (PBF-
LB/M) is a layer-wise additive manufacturing technique that
uses rapid laser scanning to locally melt powder material and
compact it during solidification. The process features small
melt pools with diameters of about 100 um and is associated
with cooling rates of about 10° K/s [2, 3]. Hence, cooling
and vitrification are decoupled from the size of the final part,
allowing to overcome the geometrical limitations of cast
BMGs as demonstrated by various studies presenting large
and complex shapes [4-8]. However, previous investigations
on PBF-LB/M processing of BMGs predominantly targeted
the fabrication of established glass formers such as Zr- [5,
9-14], Ti- [15], CuTi- [16], or Fe-based [4, 8] BMGs. For
example, AMZ4 [17] (Zrsg ;Cuyg gAl;y 4Nb, 5, also termed
Zr01) and Vit101 (Cuy;Tiz4Zr, Nig) can reproducibly reach
their yield strength before brittle fracture occurs, but BMGs
are still mediocre with strength values of, respectively, 2.1
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[11, 18] and 2.5 GPa [16] in bending. At this point, Ni-Nb
alloys [19] appear as promising candidates to exceed these
numbers considerably. The simple binary Nig,Nbsg system
exhibits a D of 2 mm [20] and can reach a yield strength
between 3 and 3.5 GPa [21], thereby outperforming Zr- and
CuTi-based systems by about 1 GPa. Combined with the
exceptional elastic limit typical for BMGs and hardness
values of more than 900 Vickers [21-23], Ni-Nb-based
metallic glasses outrival most metallic materials, including
high-performance steels [24]. The comparably low GFA of
the Ni-Nb system prohibited vitrification in an earlier addi-
tive manufacturing approach using laser based direct energy
deposition (LB-DED), a method that features cooling rates
in the order of 10% to 10* K/s [25]. In the present work,
we provide the first attempt to use laser powder bed fusion
(PBF-LB/M) to process the binary Nig,Nb;g alloy. Thereby,
we try to find processing parameters that result in highly
dense, crack-free, and fully amorphous samples, since only
this combination will allow for the most mechanically robust
and performant parts [11, 16, 26]. Due to the small amount
of powder feedstock that is available from the atomization
process [27], we are limited to a first preliminary param-
eter evaluation. Nevertheless, we will show that we are able
to reach almost fully amorphous samples, demonstrating
the applicability of PBF-LB/M processing of amorphous
Nig,Nb;g alloys. Furthermore, we can identify main issues
that have to be addressed in the future before the system can
be introduced to industrial applications. In particular, crack
formation has to be diminished to allow for robust parts.

2 Experimental

The atomization and evaluation of the powder feedstock that
is used in the present study are described in detail in a pre-
vious study by Barreto et al. [27]. To quickly recapitulate,
elemental Ni (99.95 wt%) and Nb (99.9 wt%) were weighed
to match the desired composition of Nig,Nbss (at%) and
were further pre-alloyed by arc-melting under Ti-gettered
Ar atmosphere. To ensure chemical homogeneity, the ingots
were flipped and remelted at least five times. The ingots
were then gas-atomized into about 500 g of powder feed-
stock using graphite crucibles. The powder was sieved and
a size distribution of 20—-63 pm was chosen for further use.
PBF-LB/M processing was conducted on an SLM 280 HL
Twin laser system. The operating 700 W lasers have a focal
diameter of about 70 um. Argon was used as the shield-
ing gas, resulting in a residual oxygen concentration of 0.05
vol.% in the chamber. No heating of the build plate was
applied. The process parameters were evaluated by varying
the scan speed, v, and the laser power, P, to form cuboid
samples (4 X 6.5 X ~1 mm). Layer height, d, and hatch dis-
tance, h, were held constant at d=40 pm and 2= 100 pum.
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The resulting volume energy densities, Ey, can be calculated
as:

P

E, = —
V'™ vdh

Cuboids were created with Ey, values ranging between
13.3 and 49.3 J/mm?, as listed in Table 1 (one 100 W param-
eter combination was excluded from the list and from fur-
ther analysis due to extreme brittleness and sample loss).
A detailed explanation of the principles of the PBF-LB/M
process can be found in [26].

Each parameter setting was investigated for two differ-
ent scanning strategies. For the first one, parallel scanning
vectors to the sample edges were applied. Hence, the laser
tracks of subsequent layers share the same orientation. The
second sample set was processed using a rotating scanning
strategy, which shifts the vector orientation by 67° in refer-
ence to the previous layer. Figure 1 shows the manufactured
samples on the build plate and further explains both scan-
ning strategies.

The processed samples were cut in half, perpendicular to
their building direction. One half was embedded, sanded,
and polished for optical microscopy and optical relative den-
sity determination, which was performed using an Olympus
BXS51M and the image analysis software Stream essentials
version 1.9.4. Some of these samples were further character-
ized by micro-hardness testing (HV1) using a Zwick 73212
(Zwick Roell) hardness tester. Five indents per sample
allow for statistics. The second half was investigated with
X-ray diffraction (XRD) and differential thermal analysis
(DTA). For the XRD analysis, a Bruker D8-A25-Advance
diffractometer was used applying Cu-K -radiation with a
wavelength of 1.5406 A between the angles (26) of 20° to
80°. DTA temperature scans on selected cuboids were per-
formed in Y,0; coated carbon crucibles using a Netzsch
STA 449 F3 Jupiter device applying heating scans with a
rate of 0.33 K/s from 293 to 1050 K under high-purity argon
flow. Scanning electron microscopy (SEM) was performed
on polished sample surfaces using a Zeiss Sigma VP device.
Thereby, energy-dispersive X-ray spectroscopy (EDX) was

Table 1 Process parameters

3
used for PBF-LB/M PW) v(mmfs) Ey (/mm)

100 530 472
100 940 26.6
150 760 49.3

150 1190 315
150 2110 17.8
200 1350 37.0
200 2100 23.8
200 3750 13.3
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Fig. 1 A photo of the manufactured samples. Both scanning strategies
are explained below. While the parallel vectors strategy uses the same
scanning pattern for every layer, the rotating vectors strategy changes
the vector orientation between consecutive layers through a 67° rota-
tion

performed in area scanning mode to allow for elemental
mapping.

3 Results and discussion
3.1 Density and hardness evaluation

Figure 2a displays the cross-sectional optical micrographs
of three parallel vector cuboids, which represent the whole
spectrum of used volume energy densities (49.3, 31.5, and
17.8 J/mm?, respectively). As expected, the overall sample
density rises with increasing Ey; (the used energy range was
not high enough to observe a density decrease due to key-
holing). The higher energy input allows to eliminate lack
of fusion, resulting in decreased porosity due to improved
compaction of the molten powder material, as reported in a
number of earlier studies [28-31]. Yet, with rising Ey, and
increased density, a tendency to form cracks is also observed
in the samples, see e.g. the 31.5 J/mm® sample in Fig. 2a.
This can be mainly attributed to the temperature gradients
that arise during PBF-LB/M processing. These predomi-
nantly create in-plane residual stresses [32, 33], and hence,
most of the cracks are oriented horizontally. Figure 2b shows
the optically determined relative density (blue circles) and
HV1 hardness (red squares) of the parallel vector cuboids
as a function of the applied Ey. Both parameters increase
with increasing Ey, reflecting the improved material com-
paction, which leads to relative densities of up to 99.9%. By

100.0 T T T 950
_49.3J/mm3 b)
998l Increasing relative density
L 4900
< a =
2 996 ° i
S (2
wen | 8 190§
2 904l 5
ko ) g
JEnma {800
992 | ]
Increasing hardness
99.0 L L L 750
10 20 30 40 50
Ey (J/mm3)

Fig.2 a Optical micrographs of cross-sections of three representative
parallel vector cuboids with different volume energy densities. Poros-
ity decreases with increasing Ey;, yet crack formation is observed in
the more compacted samples. b A comparison of relative density
(blue circles) and HV1 hardness (red squares) of the parallel vector

cuboids. Both quantities rise with increasing Ey, allowing for densi-
ties of up to 99.9% and hardness values of almost 900 HV1. (Due to
sample loss through brittle fracture, the shown data sets are incom-
plete)
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approaching levels of 900 HV 1, the samples feature the typi-
cal extreme hardness of Ni-Nb-based metallic glass formers
[21-23].

3.2 Amorphicity screening via X-ray diffraction

A first screening in terms of the amorphous state of the sam-
ples is given in Fig. 3, where the diffractograms of cuboids
formed with parallel and rotating vectors are compared. In
the case of parallel vectors, broad diffraction halos suggest
mostly amorphous samples, except for the sample with the
highest Ey, of 49.3 J/mm®, which indicates partial crystal-
lization in the form of arising Bragg reflections. Here, the
high energy input appears to promote crystal formation, as
previously reported by various studies [5, 10, 11]. In con-
trast, the cuboids formed with rotating vectors seem to be
more prone to crystallization. On the one hand, the sample
produced with a high Ey, value of 49.3 J/mm? features more
distinct Bragg reflections as its parallel vector counterpart,
suggesting a larger crystalline fraction. On the other hand,
the low-energy rotating vector samples (13.3 and 17.8 J/
mm?®) also show distinct reflections. We interpret this as the
result of two effects. First, the high degree of porosity of
these low-Ey, cuboids (see Fig. 2) might decrease the overall
heat dissipation capability of the sample, resulting in local
heat accumulations that promote crystallization. Similar
observations have been reported in the case of CuTi-based
samples formed by PBF-LB/M [16]. Yet, the low-Ey, parallel
vector cuboids in Fig. 3a do not show Bragg reflections, and
therefore, we assume, secondly, that the rotating vector strat-
egy induces additional overheating at the edges of the cubic
samples due to shorter vector lengths, which would then
lead to the higher degree of crystallinity in those samples.
In Fig. 3c, we take a closer look at the samples that show the
most prominent Bragg reflections, namely the rotating vector
cuboids formed with 49.3 J/mm?, 17.8 mm?, and 13.3 mm”.
The peaks can be mostly attributed to the crystalline equi-
librium phases NigNb, and Ni;Nb that appear in the binary
Ni-Nb phase diagram [34]. Furthermore, Ni,O; can be iden-
tified, which is likely a consequence of the relatively high
oxygen content of the used powder feedstock (863 +9 wt-
ppm as reported in [27]).

3.3 Identification of crystalline precipitations
through electron microscopy

‘We further investigate the formed crystalline phases in the
13.3 J/mm? rotating vector cuboid, the one with the most
intense Bragg reflections in Fig. 3, by SEM analysis. Fig-
ure 4a provides a back-scattered electron (BSE) image that
features apparent amorphous regions, which can be iden-
tified by their homogeneous, contrast-free appearance,
and regions of crystalline precipitates with two distinctly
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Fig.3 Screening of the structure via XRD. a Parallel vector cuboids
show mostly Bragg reflection-free diffractograms with broad, glass-
typical halos, only the cuboid with the highest Ey, shows slight reflec-
tions that indicate crystallinity. b Rotating vector samples show
slightly more Bragg reflections for low and high Ey, values, indicating
higher loads of crystallinity. ¢ The rotating vector cuboids with the
most distinct reflections are shown here in detail to identify the crys-
talline compounds
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Precipitates

Amorphous
phase

Fig.4 SEM pictures taken on the 13.3 J/mm? rotating vector sample
that was shown to feature distinct Bragg reflections in b and ¢. a A
BSE picture of an amorphous region (homogenous) next to a group of
nm-scale crystalline precipitates. The elemental maps in b and ¢ indi-
cate Nb depletion and Ni enrichment in these, which hinds towards
the XRD-confirmed Ni;Nb as composition

different size distributions. More precisely, equiaxed den-
dritic precipitates of up to 2 um in size are embedded in a
dense field of nano-precipitations that appear as black dots.
All crystals are too small for proper chemical analysis by

EDX, yet elemental mapping allows at least a qualitative
investigation of the larger dendrites. Therefore, the region
marked by the yellow frame in Fig. 4a is further EDX
scanned, the resulting elemental maps for Ni and Nb are
given in Fig. 4b, c. The dendritic precipitates clearly show a
depletion of Nb and enrichment in Ni, rendering the XRD-
confirmed Ni;Nb as the most probable composition.

The relatively large precipitation size further indicates
that they formed at elevated temperatures, where the fast
dynamics of the liquid allowed for pronounced crystal
growth [35]. Hence, these larger precipitates likely formed
either during the initial cooling of the melt or in the ‘inner
region’ of the heat affected zone, in direct contact with
the melt pool. Both possibilities could be promoted by the
earlier discussed heat accumulation effects in this 13.3 J/
mm? sample. Such a formation of Ni;Nb precipitates at
elevated temperatures would be consistent with in-situ
HEXRD undercooling experiments on levitated droplets
of Nig,Nbsg, in which Ni;Nb appears as the primary phase
[21]. It would also align with CALPHAD calculations of the
Ni-Nb system, which show that the driving force for pri-
mary crystallization from liquid Nig,Nbsg is much larger for
the Ni;Nb phase than for the NigNb; phase [36]. In contrast,
the smaller, nm-sized precipitates, visible in Fig. 4a, rather
suggest crystallization at lower temperatures, where crystal
growth is kinetically limited. Hence, these nanocrystals most
likely form in the ‘outer regions’ of heat affected zone, with
larger distance to the melt pool [10, 12, 37].

3.4 Narrowing down the optimal parameter range
by calorimetric screening

Based on the XRD results, parallel vectors appear to be the
more promising scanning strategy to achieve fully amor-
phous Nig,Nb,g samples, since it appears to create less heat
accumulation than the rotating vectors strategy. Hence, we
focus on the parallel vector samples in the following and
use DTA temperature scanning to investigate the amount
of amorphous phase in the printed samples quantitatively.
The results are presented in Fig. 5. The black and grey DTA
curves in Fig. 5a are taken from [27] and represent an as-cast
reference formed by conventional suction casting as well as
the powder feedstock material used for PBF-LB/M with a
fraction of 20-63 um. The crystallization enthalpies, AH,,
are determined by integration over the exothermal crystal-
lization event (dotted lines) and are found to be virtually
identical with a value of about —4.60 kJ/g-atom, as it is
typical for fully amorphous Nig,Nbsg [21]. The DTA curves
of the powder and the as-cast material are further compared
with the two PBF-LB/M-formed cuboids that show the high-
est and lowest measured crystallization enthalpies, which
are the 17.8 J/mm’ cuboid and the 49.3 J/mm? cuboid. The
first one features a AH, of —4.08 kJ/g-atom, the second one
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Fig.5 a DTA temperature scans of an as-cast reference and the used
powder, taken from [27], in comparison to the scans of the 49.3 and
17.8 J/mm? parallel vector cuboids. T, and T, are determined by the
tangent method (arrows), AH, is determined by integration (dotted
lines). b All determined AH, values of the parallel vector cuboids as
a function of Ey. The cuboids known from a are highlighted by color.
With values of about 20 J/mm?®, the PBF-LB/M samples reach almost
90% of the reference AH, of —4.60 kJ/g-atom (dashed line), indicat-
ing mostly amorphous samples. With rising Ey, relative density and
hardness might increase (see Fig. 2), yet, crystallinity also increases

a AH, of only —1.67 kJ/g-atom. This corresponds to 89%
and 36% of the reference crystallization enthalpy (4.60 kJ/g-
atom), accordingly implying crystalline fractions of 11%
and 64%. Considering the mostly peak-free diffractograms
in Fig. 3a, the DTA findings demonstrate again that calorim-
etry can provide better sensitivity and resolution than con-
ventional XRD to detect the presence of (nano-)crystalline
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fractions in additively formed BMGs [11, 16, 38]. This can
be explained by the usually weak scattering signal of nano-
crystallites as well as by the fact that calorimetric analysis
incorporates the whole sample volume, therefore leading
to a more representative, volume-averaged picture than the
surface-localized XRD analysis.

While the rather crystal-loaded 49.3 J/mm?® sample shows
no detectable glass transition in the DTA scan, the as-cast,
powder, and 17.8 J/mm?® samples all show a glass transition
onset, T, of 909 K, as indicated by the arrows in Fig. 5a.
Yet, the powder material and the almost fully amorphous
17.8 J/mm?® parallel vector cuboid are distinctly more ther-
mally stable against crystallization upon heating than the
high-purity as-cast reference, since their onset temperature
of crystallization, T, is 8 K higher (942 K) as in case of the
as-cast sample (936 K). Here, the oxygen content plays a
decisive role. While the as-cast material shows low levels of
oxygen contamination (191 wt-ppm), powder and PBF-LB/
M-formed samples feature distinctly higher contamination
(863 wt-ppm and above) due to the high oxygen uptake that
stems from the large surface-to-volume ratio of the powder
particles [27]. Upon heating from the glassy state, the pri-
mary crystallization of high-purity Ni-Nb metallic glasses
is usually attributed to a metastable crystalline M-phase [36,
39], corresponding to the first separate crystallization event
of the as-cast reference in Fig. 5a. As discussed in [27], the
increased oxygen content in the powder and AM-formed
parts seems to destabilize the primary M-phase, therefore,
delaying its formation upon heating, which increases the
thermal stability of the supercooled liquid (SCL). Such SCL
stabilization effects are well-known from other BMG micro-
alloying approaches with small-size atomic species like Si
in CuTi-based systems [40], S in several BMG formers [41,
42], or P in the present Ni-Nb system [21]. The oxygen-
driven destabilization of the M-phase renders it possible that
Ni;Nb also becomes the primary phase upon heating, since
it was already shown to be the second phase in high-purity
Nig,Nbsg after the M-phase has formed [39]. Hence, it could
be speculated that the nanocrystalline precipitates shown in
Fig. 4a next to the large equiaxed Ni;Nb dendrites consist
of the NizNb phase as well.

Figure 5b summarizes the DTA screening of the parallel
vector sample set by plotting AH, as a function of Ey, to
determine the amount of amorphous phase in the printed
samples. The 17.8 J/mm? and 49.3 J/mm® samples are high-
lighted in their respective colors from Figs. 3a and 5a. On
the one hand, the largest amount of amorphous phase of up
to 89% can be found for lower Ey, values of roughly 20 J/
mm?®. Higher volume energy densities promote increased
crystallinity as previously suggested by the XRD results.
On the other hand, increased Ey, values are needed to achieve
full compaction and optimized hardness, as demonstrated
in Fig. 2.
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3.5 Recapitulatory considerations

We demonstrate that the binary Nig,Nbsgs BMG former
can be processed successfully by PBF/LB-M additive
manufacturing, reaching exceptional hardness levels
and amorphization degrees of almost 90%. Furthermore,
the present parameter study allows us to formulate two
main issues that future PBF-LB/M studies must solve to
establish PBF-LB/M-formed Nig,Nbsg for practical use.
First, process parameter optimization has to achieve full
amorphization while also ensuring high sample density.
While the present results may render both aspects to be
antagonistic, it shall be recalled that the low amount of
available powder [27] restricts the parameter optimization
to first order approaches, here performed in form of a sim-
ple variation of Ey. Larger amounts of powder feedstocks
will allow advanced processing approaches like two-step
scanning [43], which separates material densification and
vitrification in two different scanning steps. Second, crack
formation can be identified as a major issue for additively
formed Nig,Nbsg. Thereby, the material-typical high
modulus and hardness inevitably go hand in hand with
increased brittleness, rendering the PBF/LB-M-formed
samples prone to crack formation due to process-induced
internal stresses [16]. Here, optimization approaches like
the already mentioned two-step scanning [43] or changes
regarding the used substrate material [9] might help to
reduce stress states. Also, the comparably high T, of
Ni-Nb-alloys might induce increased stresses between
sample and substrate, necessitating more in-depth testing
of different substrate preheating approaches to diminish
these stresses, as reported in [16].

4 Conclusions

To sum up, the present parameter study allows to create
almost fully amorphous Nig,Nb,g samples via PBF-LB/M,
which is a quite promising result considering the system’s
relatively low critical casting thickness of 2 mm. Neverthe-
less, porosity and crack formation are challenges that need
to be solved and balanced through advanced processing
approaches tested in follow-up studies. After resolving these
issues, amorphous Nig,Nb;g will constitute an extremely
potent choice for the additive manufacturing of highly
robust products, due to the system’s outstanding strength
and hardness.
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6. ADDITIONAL RESULTS AND DISCUSSIONS

While the six just presented publications incorporate the major experimental results and
most parts of the discussion of this work, the present chapter will aim to complement
these findings by providing additional experimental data, analysis approaches, and
discussions. These aspects will help to connect all the different topics by embedding them

into a larger context.

The XPCS results from Paper II are the most scientifically relevant and disruptive parts of
this work and are therefore complemented through two chapters. Chapter 6.1,
Temperature scanning XPCS: Methodological considerations and experimental artifacts,
will focus on methodological aspects of temperature scanning XPCS. Chapter 6.2,
Multiplicative versus additive KWW approaches to describe XPCS decorrelation in the non-
equilibrium state, then provides an in-depth explanation of the KWWwmuyrti model

introduced in Paper Il and discusses a possible alternative in form of the KWWapp model.

Chapter 6.3 will focus On the equilibrium supercooled liquid fragility of Pts25Cuz27Ni9.5P21. In
combination with additional DMA and FDSC results, a large-scale data comparison will

provide deeper insights into the fragility and the question of how to properly model it.

After this we will change the attention towards the more practical part of the work,
namely the additive manufacturing of metallic glasses via PBF-LB/M. Chapter 6.4 will
summarize the major findings on the Mechanical properties of metallic glasses additively
formed via laser powder bed fusion, especially regarding the various factors that determine
the achievable maximum strengths. Chapter 6.5 will finally offer an outlook on Potential

application cases of additively formed metallic glasses.

6.1 Temperature scanning XPCS: Methodological considerations and

experimental artifacts

XPCS is a relatively novel method [245], and this applies in particular for the idea of
performing this kind of diffraction studies under temperature scanning conditions [6,280—
283]. Such a non-isothermal approach comes with its own set of methodological aspects and
possible measurement artifacts, which must be considered before one can commence a
meaningful interpretation of underlying physical effects. The following chapters shall provide

the necessary understanding for these aspects, namely the influence of evaluation window
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size explained in Chapter 6.1.1, the highly important transit decorrelation effect in
Chapter 6.1.2, and the issue of temperature correction, which will be considered in

Chapter 6.1.3.

6.1.1 On the effects of changing the evaluation window size

In Chapter 2.3.3, we have seen that the experimental determination of dynamics often
relies on temperature scanning approaches. Here, choosing an adequate rate of
temperature change is crucial, since the data evaluation occurs by taking a specific time
window into account. Too fast rates lead to large temperature changes within the
evaluation timespan, which can result in smearing effects. In other words, the underlying
dynamics change significantly within the evaluation window, producing blurred, smeared
out results. On the other hand, we have seen in Paper Il that a certain evaluation window
size is needed to resolve the gz decorrelation of slower dynamics properly, hence, a

compromise must be found.

Figure 6.1 illustrates g2 curves from the XPCS cooling scan on the Pt425Cu27NiosP21 alloy
from Paper II. The same representative temperature points as used in the publication are
shown, namely 479.7 K in the glass, 510.3 K in the glass transition region, and 541.0 K in
the equilibrium SCL state. For each temperature point, g2 data sets stemming from
evaluation window sizes of 60 s, 120 s, and 240 s are compared to each other. The 240 s
g2 data batches thereby correspond to those shown in Paper II, which are there termed as
B4, B5, and B6. As reported in the article, the black curve further depicts the 240 s KWW
fit in the SCL state, while the green curves represent the non-equilibrium state KWWwuLti
fits to the 240 s batches. Expectably, the g2 curves from different evaluation window sizes
show very good overlap. Yet, in the non-equilibrium states, the system’s dynamics become
so slow that especially the short 60 s evaluation window is unable to incorporate most

parts of the decorrelation process. Here, larger window sizes must be chosen.
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Figure 6.1: A comparison of g; curves obtained from evaluation windows of 240 s, 120 s, and 60 s in
size. The three chosen temperature points thereby represent the glass, the glass transition, and the
SCL state upon cooling with 1 K/min (compare the batches B4-B6 from Paper II). While coequal results
are found in the SCL, an adequate resolution of the decorrelation requires larger batch sizes of 120 s
or even 240 s in the glass transition and the glass.

Figure 6.2 compares the KWWwuLri fitting results from 120 s and 240 s window sizes. Both
show very similar outcomes, yet the larger temporal range of the 240 s g2 data sets allows
for better statistics and hence less scatter-prone results. Accordingly, the 240 s evaluation
window was chosen for the publication. Coming back to Figure 6.1 and regarding the SCL
state, we see that the fast dynamics can be quantified through all three evaluation window
sizes. Yet, the aforementioned smearing effect must be considered and is therefore
highlighted in Figure 6.3. While the relaxation times obtained from the 60 s and 240 s
window sizes are practically identical, smearing manifests in a distinct offset of roughly

0.1 in the shape exponent.
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Figure 6.2: A comparison of the KWWwyrm fitting results for g data obtained with 240 s and 120 s
evaluation window size. Both create comparable results, yet the 120 s window size feature increased
scatter.

Here, the large evaluation window size of 240 s in combination with the underlying
temperature change leads to a broader relaxation time spectrum that contributes to the
determined g2 decorrelation, and hence, the decay appears to be more stretched with
accordingly lower 3 values. Smearing issues must be taken into account if absolute 3
values shall be compared yet Figure 6.3 demonstrates that qualitative comparisons are
still appropriate since both [3 data sets show rather constant offsets and hence share the

same temperature trends.
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Figure 6.3: Comparing the KWW fitting results from for g, data obtained with 240s and 120s

evaluation window size in the SCL state (in the non-equilibrium, KWW fitting is found to be inadequate,

see Paper II). While the obtained relaxation times are basically identical, the shape exponents show

significant offsets due to the increased smearing effect in the 240 s g, data.

6.1.2 Sample transit decorrelation as a measurement artifact

XPCS measurements are highly sensitive to positional changes of the measured material.
To understand this, we must consider that the photon flux intensity within the beam spot
is not evenly distributed. Instead, it is usually approximated through a Gaussian
distribution [254,272,284], meaning that it features a maximum in the beam center which

decays radially towards the edges, as sketched in Figure 6.4. Hence, any sample material
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displacementin a direction perpendicular to the incoming X-ray beam changes the photon
intensity with which each atom is radiated. This is schematically illustrated in Figure 6.4
on hand of the solid and dotted gray lines. Accordingly, the individual scattering
amplitude aj(q) of each atom j in the ensemble is altered (a higher incoming photon
intensity increases aj(q) and vice versa). On the edges of the beam spot, atoms even may
enter or leave the spot completely, as demonstrated through the lower atom in Figure 6.4.
This causes a ‘refilling’ of the sample volume irradiated by the beam spot. Constant motion
of sample material will then lead to a complete exchange of the scattering ensemble after
a certain time. This will naturally lead to an observable decorrelation, the so-called transit
decorrelation, which has been demonstrated by e.g. XPCS studies on a flowing colloid

solution by S. Busch et al. [272] or also by DLS studies by J. Gabriel et al. [254].

Sample drifts perpendicular
to the beam due to thermal
|(x) expansion of the furnace

Atomic
scattering 3

Atoms may :
_ leave/enter
“.the beam

“spot

Incoming beam with
Gaussian intensity profile :
(stationary position) 1

Figure 6.4: The underlying mechanism of the sample transit decorrelation effect schematically
explained. The X-ray beam features a highly stabilized position. Its radial distribution of photon
intensity follows a Gaussian function. Hence, a perpendicular motion of the sample in relation to the
beam leads to a change of the individual scattering amplitudes of each atom. Atoms can even enter or

leave the volume illuminated by the beam spot, as indicated by the lowest atom.

Reconsidering the mathematical formulations of the first order correlation function g1

and the intensity autocorrelation function gz in the Equations (4.33), (4.34), and (4.35),
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we see that transit decorrelation manifests through the pre-exponential factor
Z]N >N aj(q,t) ax(q, 0). Due to the multiplicative formulation, the aforementioned changes

in the individual scattering amplitudes will lead to a decrease of this pre-exponential
factor towards zero over time, ultimately causing a complete decorrelation in g1 and g2. S.
Busch et al. [272] suggest to factorize the observed gz(t) decay into an actual atomic
dynamics contribution g2,pynamics (reflecting e.g. a-relaxation processes or stress-driven
ballistic-like atomic motions as discussed in Paper II) and a macroscopic sample transit

contribution g2 Transit as

92(t) = 92, pynamics(£) g2 rransit (£). (6.1)
The transit decorrelation stemming from a macroscopic sample material motion
perpendicular to the beam with a constant velocity can be calculated by envisioning that
the atoms ‘scan’ through the Gaussian intensity profile of the beam spot of width h with
the drift velocity v, as sketched in Figure 6.4 [91]. Mathematically, this is handled through
an integration over the Gaussian intensity peak function. The result is an error function
expression, which basically resembles a KWW equation with a shape exponent of exactly

2 [254,272]:

¢ 2
gZ,Transit(t) =b+ cexp <_ ( ) ) (6.2)
Trransit
The parameter Trransit then characterizes the decorrelation timescale and corresponds to

the time it takes one atom to travel through the beam spot as

h

TTransit =
\Y

(6.3)

The temperature scanning XPCS studies reported in Paper Il were performed using a
custom oven made from nickel, which is placed perpendicular to the incoming beam. The
continuous heating or cooling thus leads, in a first order approximation, to a typical
sample transit scenario with constant drift velocity v. Combining Equation (6.1), Equation
(6.2), and the KWWwuLti fit approach from Paper II would then lead to a general three

component fit to describe the g2 decay as

g2(t)
“bve fop(-2 (é)’*) exp (2 (%)&) on(-(==) ) 7
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Figure 6.5 illustrates the interplay, or, more precisely, the rivalry between these three
decorrelation mechanisms. We can see that fast temperature changes can lead to thermal
expansion motions that constitute a critical experimental artifact. According to Equation
(6.2), a too high thermal drift velocity would decrease Trransit to a point where it dominates
the observed g2 data and leads to a premature decorrelation that renders it impossible to

study the slower timescales of the actual atomic dynamics.
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Figure 6.5: Schematic illustration of all three decorrelation contributions that compete in a g data set
stemming from the continuous cooling XPCS measurement at 510.3 K (glass transition region, see
batch B5 in Paper II). The KWWs and KWW¢ components reflect atomic dynamics, while the transit
decorrelation stems from a macroscopic drift motion of the sample due to thermal expansion.

Furthermore, the compressed shape of the transit decorrelation resembles the
compressed nature of the KWW¢ component that reflects the stress-driven ballistic-like
atomic motions. Too similar values of Trransit and tc would make a separation between
both effects difficult, leaving the interpretation questionable. Thus, Trransit must be taken
into account, as it is described in the Supplementary Materials of Paper II. The thermal
drift velocity can be estimated from the length L of the oven (about 7 cm), the thermal
expansion coefficient a of Nickel (1.3x10-> K1) and the used (heating and cooling) rate gn

of 1 K/min according to

v=1Laaqy. (6.5)
Equation (6.2) then leads to a Trransit estimation of 658 s. Figure 6.6 picks up the g2 data

from the six representative evaluation batches from Paper II (located in the glass, glass
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transition, and SCL for heating and cooling scan, respectively) and compares the KWW
and KWWwuLri fits with the transit decorrelation. Thanks to the highly compressed shape
and the relatively high Trransit, all major decorrelation stemming from the thermally
induced sample transit occurs outside the temporal range of the evaluated g data.
Consequently, the transit decorrelation plays no major role and can be neglected for

further interpretation, as it is done in Paper II.

1.03]
o 1.02¢
1.01}
t--+ Transit
1.03}
o 1.02¢
1.01t
= KWWy, 1
k- Transit
1072 10" 10° 10’ 102

Figure 6.6: The g, data six representative 240 s evaluation batches located in the glass, the glass
transition, and the SCL state upon a) heating and b) cooling with 1 K/min (compare the batches B1-B6
from Paper II). The respective KWW and KWWyt fits as well as the estimated transit decorrelation
are indicated. Transit decorrelation occurs mainly outside of the temporal range of the evaluation

window and can be therefore neglected.
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These findings demonstrate that the ultimately chosen evaluation window size of 240 s
constitutes a robust compromise that balances the aspects of required temporal
resolution and smearing (see previous chapter) while still holding the transit
decorrelation artifact at bay, hence allowing to draw meaningful conclusions about the
actual atomic dynamics. Yet, the results also highlight the methodical restrictions of
temperature scanning XPCS. The underlying temperature change rates must always be
adapted to the framework of the experimental setup as well as to the timescales of the
dynamics that shall be observed. It should be mentioned that the here discussed transit
decorrelation experiences may have contributed to the latest innovations at the ESRF
ID10 beamline, namely the construction of a less temperature-sensitive furnace device

[285].

6.1.3 Correcting the temperature of temperature scanning XPCS measurements

Finally, the issue of temperature correction shall be addressed. Temperature
management at synchrotron beamlines often relies on custom-built heating devices,
which might feature significant offsets between the set temperature and the actual
temperature. Here, temperature scanning XPCS offers a methodological advantage, as it
bears the possibility to perform temperature corrections based on the observation of the
rate-dependent crystallization onset. The underlying principle is found in the rigid nature
of the forming crystallites. Their ordered structure is very unsensitive to thermally
activated structural rearrangements, i.e., rather invariant in relation to the fast dynamics
of the surrounding liquid. The crystalline precipitates create distinct Bragg peaks which
can be identified in the raw signal of the detector, namely as regions of increased intensity
within the speckle patterns. Figure 6.7a) illustrates this for an Au-based metallic glass that
has undergone significant crystallization during a XPCS heating scan experiment with a
rate of 1 K/min. Naturally, the highly stationary Bragg peaks increase correlation among
consecutive speckle patterns, and we observe massively rising gz levels as soon as
crystallization sets in, see Figure 6.7b). As shown in Figure 6.7c), this effect can be clearly

quantified on hand of the minimum gz value of each evaluation batch.
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Figure 6.7: a) Distinct Bragg peaks in the speckle pattern of a XPCS heating scan on an Au-based
metallic glass former after primary crystallization has occurred. b) As soon as these Bragg peaks arise,
the absolute g values increase significantly, which can be quantified on hand of the minimum g value
of each batch, as illustrated in c). The g minima corresponding to the curves shown in b) are here

highlighted in their respective colors.

Comparing the massive crystallization signal from the g2 minimum values with ex-situ

DSC scans performed with the same heating rate of 1 K/min then allows determine the
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temperature offset of the XPCS setup in relation to the (calibrated) DSC device. Figure 6.8
illustrates this on hand of the already introduced Au-based system as well as a Pd-based

glass former with a distinctly higher crystallization temperature.
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Figure 6.8: A comparison for a) an Au-based BMG former and a b) Pd-based BMG former between the
g2 minima from XPCS heating scans (red and blue points) and ex-situ DSC scans, all performed with a
rate of 1 K/min. The crystallization onsets are marked by dashed lines, the arrows indicate the
temperature offsets. In c), these temperature offsets are used to create a temperature correction for

the temperature scanning XPCS data shown in this work and in Paper II.
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Both systems are measured with 1 K/min heating scans in the present XPCS setup as well
as by DSC. The dashed lines indicate the onsets of crystallization in the minimum g2 results
and the DSC scan, the arrows indicate the corresponding temperature offsets. With values
between about 20 and 40 K, the offsets appear to be significant. These findings highlight
the very urgency to incorporate temperature corrections when performing synchrotron

studies with custom-built furnaces.

Based on the two offset values, a linear correction function can be established, see Figure
6.8c), which is valid at least for the temperature range between both crystallization
onsets. For the temperature scanning XPCS studies on the Pts25Cu27Ni9osP21 alloy from
Paper I], this is the case. The exceptionally good agreement between ex-situ DSC scans

and the XPCS results in this publication speaks in favor of the whole correction approach.

6.2 Multiplicative versus additive KWW approaches to describe XPCS

decorrelation in the non-equilibrium state

6.2.1 The multiplicative KWW approach in detail

The postulation of the KWWwuLti fitting approach in Paper II might be the scientifically
most outstanding aspect of this dissertation. While earlier works only differentiated
between stretched decorrelation in the equilibrium [26,286-288] and compressed
decorrelation in the non-equilibrium [30,259,261,262,265,269,270,286,288], the
successful application of the KWWwmurti model instead suggests a coexistence, or rather
rivalry, of both these decorrelation types in the glass or glass transition state. This puts
the fundamental understanding of atomic-scale dynamics of metallic glasses into
perspective, as it implies that the non-equilibrium state is characterized by the
superposition of two different styles of atomic motives. These are namely (sub-)diffusive
motions known to be typical for the equilibrium supercooled liquid state as well as
ballistic-like motions that are a consequence of the internal stress states that arise with

vitrification.

The present chapter shall provide supplementary considerations that might help to
understand why such a scenario is ultimately connected to the multiplicative formulation
of the KWWwurTi fitting function. To do so, we imagine a non-equilibrium state, in which
particles are subject to the two named types of motions as illustrated on hand of three

representative atoms in Figure 6.9. In general, the distance Arjk(t)= rj(t)-rx(0) which an
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atom j travels within the time t in relation to an atom k consists of a sub-diffusive
component that causes the stretched decay, Arjks(t) and a ballistic-like component that

causes the compressed decay, Arjkc(t) as
Arj_k(t) = Arj_k,s(t) + Arj_k'c(t). (66)
Remembering Equation (4.32), the ISF then results as

f(q.t) =

N N 67
(Z Z a;(q,t) ax(q,0) exp (‘i q (Arj—k,s(t) + AT c (ﬂ)))- .
j k

As described in Chapter 4.3.3, the ISF consists of a self part (j=k) that regards the self-
correlation of atoms over time, i.e. their individual dislocations in relation to themselves,
and a distinct part (j#k) that regards the dislocation of atoms in relation to their

surroundings, i.e. to other atoms.

In the following, we will only consider self-correlation to illustrate the derivation of the
KWWwurti formula, since this simplification facilitates the mathematical treatment. First,
we accommodate the heterogeneity of the sub-diffusive motions Arjks(t) by assuming a
Gaussian distribution of Arjks(t), see Chapter 2.2.2. The ensemble averaging procedure

then leads to the expression [90,91,271]
. q* Arf s ()
(exp <—l q (Ar]-_k,s(t)») = exp (—]Tks ) (6.8)

Here, the term Ar ~ks(t) allows us to recapitulate Chapter 2.1.1 and substitute it with the

mean squared displacement (¢ (t)) of a sub-diffusive process according to Equation (2.3)

exp ( w> exp (— @), (6.9)

with a respective (sub-)diffusion coefficient Ks and a sub-diffusion-typical exponent as

as

below unity (see also Figure 2.1). The same treatment for the ballistic-like motions Arj-

exp (— @) exp (— @), (6.10)

kc(t) leads then to
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with a super-diffusion coefficient K¢ and a super-diffusion-typical exponent ac above
unity. Further disregarding the individual scattering amplitudes (their influence was
discussed in terms of the transit decorrelation in Chapter 6.1.2) and splitting the sum in
the exponential term from Equation (6.7) brings us to the following expression

ZK tas ZK t(ZC
f(q,t) < exp <_—q g > exp (__q 6C > (6.11)

where we can already recognize the multiplicative interplay of the sub-diffusive and
ballistic-like components. If we now commemorate the Siegert relation f2xg: from

Equation (4.36) as well as the formulation of the KWWwuLti function from Paper II,

92(q,t) = b+ cexp (—2 (%)BS> exp <—2 <%>ﬁc>, (6.12)

it becomes obvious that the diffusion exponents as and ac directly predetermine the
values of the shape exponents 8s and Bc. In other words, we here derived a quite direct
relation between diffusion on the one hand and structural relaxation or decorrelation on

the other hand, which was stated earlier but not further explained in Chapter 2.1.2.

It must be noted that strictly speaking, considering just the self part of the ISF is only valid
in case of normal diffusion and when particles do not interact with each other, as it is e.g.
found for classical Brownian motion [90,91,271]. In our case of a deeply undercooled or
already vitrified liquid, this is hardly true, since atomic rearrangements have become
heterogeneous, rather sub-diffusive, and highly cooperative so that the ISF is also
determined by the distinct part. This is further underlined by considering that the present
XPCS studies are performed at a q value of 2.86 A1, hence directly at the FSDP of the
Pt42.5Cu27NiosP21 glass former. The FSDP incorporates structural information from short
to medium range and the XPCS experiment therefore probes individual atomic motions
as well as their motions in relation to the surroundings. Accordingly, the established
direct relation between the two types of diffusive motion and the two decorrelation
components of the KWWwuLti must be handled with caution and should be seen as what
it is, an approximation. Nevertheless, it can be argued that it still holds as a robust first
order approach, since both motion types should manifest in the self as well as the distinct
part of the ISF. Hence, the considerations based on self correlation should be sufficient to

illustrate the principle.
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Figure 6.9: The KWWwyLti approach assumes that individual atoms can be subject to stress-driven

ballistic-like motions (purple vectors) as well as (sub-)diffusive liquid-like motions (orange vectors).

Their total dislocation vector therefore results from a vector sum of both components (green vectors).

The g; fit function then follows as a multiplicative formulation that allows a functional and physically

meaningful description of the typical cut-off shape of the observed g decorrelation in the non-

equilibrium.

6.2.2 Additive KWW fitting as a situation-dependent alternative

Fit functions including a sum of two (or more) KWW expressions are found in literature

[282,289-291]. These can be a functional approach to describe complex shapes in
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decorrelation curves obtained by DLS or XPCS. During the writing process of Paper ], a
vital debate among the authors arose, if such an additive model, further termed KWWapp,
could be a more suitable alternative than the KWWwuLti to describe the ‘cut-off’ behavior
in the non-equilibrium g2 data of the Pt42.5Cu27Nio.sP21 alloy. In the following, the KWWapp
model shall be briefly introduced and discussed. Similar considerations can be found in
the Supplementary Information of Paper II. It shall be respectfully stated that credit must
be given to Dr. Yuriy Chushkin, the ESRF researcher who initially advocated the use of an

additive approach for the non-equilibrium g2 data from Paper II.

The underlying conception would be that vitrification occurs as a kind of nucleation and
growth process of vitrified regions. Picking up the spatial heterogeneity scenario used in
Paper Il and introduced in Chapter 2.2.2, the regions that vitrify first upon cooling would
be those with slower dynamics, termed ‘rigid domains’ in the article and illustrated with
a gray background in the respective figures. Vitrification would then be finished when the
majority of the sample volume has changed from the liquid to the glassy state. The glass
transition upon heating can be seen as the inverse process, namely nucleation and growth
process of equilibrated liquid regions. The approach further assumes that stretched and
compressed decay components stem from spatially exclusive regions, i.e. the stretched
decay component is solely addressed to the liquid domains while the compressed decay
is solely addressed to the vitrified domains. In other words, a region behaves eighter
exclusively glass-like (compressed decay) or exclusively liquid-like (stretched decay).
Here lies the fundamental difference to the KWWwuLti conception, which assumes that
atoms can be subjected to both types of motion, hence contributing to the stretched and
compressed decorrelation components simultaneously, see Figure 6.9. The KWWapp

concept is schematically illustrated in Figure 6.10.

We again consider only the self part for simplification reasons. It follows that the spatial
segregation of the two exclusive types of motion allows a separation of the ISF into the
sum of two independent ISFs, one for the liquid-like equilibrium regions including N

atoms and one for the glass-like non-equilibrium regions including M atoms as

f(q,t) = (6.13)
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N N
O > 4@.0) a(a 0) exp (~i g 47 _i5(D))
7k

+ (i i a0(q,t) a,(q,0) exp (—i q (—i q Aro_p,c(t)))>.
o P

With the Siegert relation from Equation (4.36), the KWWapp model for the gz data then

¢ Bs,abp
x exp| —
( (TS,ADD> )
¢ Bc,app\ 12
+(x—-1) exp(—( > )]
Tc,ADD

If we finally expand the squared expression, we see that KWWapp consists of a stretched

follows in form of

g.(qt) =b+c

(6.14)

part KWWsapp (first term), a compressed part KWWc,app (third term), as well as a cross

term (second term):

¢ Bs,app
g2(q,t) = b+ cx? exp<—2< > )
Ts ADD
¢ Bs.app ¢ Bc.app
+2c(x—x%)exp —( ) —< ) (6.15)
Ts,ADD Tc,ADD

¢ Bc.abp
+c(x—1)% exp —2( > .
Tc,ADD

The transition coefficient x quantifies the degree of equilibration with values between 0

and 1 and could for example reflect the (volume) portion of the equilibrated regions in
relation to the whole illuminated sample volume. Accordingly, x=0 stands for a completely

glassy state while x=1 indicates a completely equilibrated liquid state.

In practice, KWWapp was found to actually model the cut-off decorrelation shape of non-
equilibrium g2 data in a satisfying manner, as shown in Figure 6.10. The illustration
further demonstrates that x effectively distributes the total decay contrast ¢ among the

three components of Equation (6.15), namely KWWsapp, KWWo¢,apbp, and the cross term.
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Figure 6.10: The KWW jpp approach assumes that stress-driven ballistic-like motions (purple vectors)
and (sub-)diffusive liquid-like motions (orange vectors) are well separated in different spatial regions.
The g fit function then follows as an additive formulation that also allows a functional description of
the typical cut-off shape of the observed g» decorrelation in the non-equilibrium.
Figure 6.11 compares the KWWwuLr fitting results published in Paper Il with the KWWapp
results. For KWWapp fitting, x is treated as a free parameter, see Figure 6.11a) and e). A
comparison to the ex-situ DSC scans in Figure 6.11b) and f) shows that x roughly shows
the expectable behavior by roughly mimicking the heat flow curve, hence showing high
values around unity in the SCL state and a decrease towards zero in direction of the glassy

state. The KWWc,app parameters, tcapp and Bcapp are fairly similar to tc and (3¢ resulting
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from the KWWwmuLti approach. The same applies for sapp, which retraces the course of f3s.
Only tsapp differs significantly from its KWWwurti counterpart ts. Instead of following a
steep liquid-typical temperature dependence throughout the glass transition region as ts
does, tsapp behaves quite similar to tc,app and shows a less temperature-sensitive course
as soon as the system leaves equilibrium. In other words, a large separation between the
timescales of compressed and stretched components as we see it for KWWwuLti is not
observed. It shall be mentioned that these results cannot be fundamentally changed
through altered fitting conditions like e.g. fixing x according to the sigmoidal shape of the

calorimetric glass transition signal or alternations in the parameters b or c.

These findings demonstrate that the experimentally given cut-off shape of the non-
equilibrium gz curves in combination with the mathematical construction of KWWapp
forces both the timescales ts,app and tcapp to remain at fairly similar values (see e.g. the
parameters shown in Figure 6.10). Any significant difference between tsapp and tcapp
would inevitably lead to a loss of the single-step decay and instead, a double-step decay
would arise, as it will be exemplarily shown later in Figure 6.12. Yet, in the present data
set, we exclusively observed (cut-off) single-step decays. Moreover, it shall be mentioned
that the timescale similarity dictated by the mathematical design allows to explain the
large error bars found for ts,app in Figure 6.11. While the compressed part of the gz data
is well defined and allows a robust determination of KWWcapp, the data range that

determines KWWsapp remains sparse, causing the large error bars and increased scatter.

The close link between both relaxation times predetermines unrealistically fast tsapp
values throughout the whole non-equilibrium range. This leads to the counterintuitive
situation that Bsapp shows signs of equilibration (stretched), while the course pf tsapp
rather indicates vitrified behavior. Accordingly, a physically meaningful picture as
discussed in Paper Il for the KWWwuLti approach cannot be evolved here. KWWapp
remains as a rather unphysical alternative, at least for the present data set obtained under
the respective experimental conditions. Nevertheless, decorrelation in non-equilibrium
metallic systems still remains far from being fully understood. Additive fitting or even
combinations between additive and multiplicative approaches might emerge as
meaningful alternatives, e.g. for XPCS studies at q values asides the FSDP or in case of

alloy-specific transition effects.
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Figure 6.11: Comparison of the KWWyt fit results from Paper II with the results from the present
KWW pp fitting. The fitted f values roughly follow the heat flow curves, thereby indicating the fraction
of liquid-like and glass-like material volume. The KWWwmyrti and KWW pp results largely agree, only
Ts,app behaves fundamentally different than and ts and rather follows the trend of tcapp. This can be
addressed to the mathematical construction of the KWW pp function.

A small thematical excursion shall provide an example of a scientific case where the
additive model constitutes a very adequate option. It is well-known that phase separation

and liquid-liquid transition effects can be found in PdNiP metallic glass formers [292-

305]. Figure 6.12 grants a preview on so far unpublished gz decorrelation data of the
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Pda1.25Nis1.25P175 alloy, stemming from the same XPCS measurement campaign as the

Pt42.5Cu27Nio.sP21 results from Paper II.
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Figure 6.12: KWWgupp is a suitable choice to describe the g, decorrelation observed for a
Pd41.25Nis1.25P17.5 sample that has previously undergone a phase separation, therefore showing a clear
double-step decay. KWW/ reflects the fast and stretched dynamics of the equilibrated phase 1, while
KWW reflects the slower and compressed dynamics of the still vitrified phase 2.

We observe a distinct double step appearance, which can be addressed to the phase

separation that has previously occurred. Hence, the system consists of two different

amorphous phases (phase1l and phase 2) which come with distinctly separated
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relaxation time distributions. At the temperature of the presented gz curve, phase 1 has
already equilibrated in the SCL state, while phase 2 is still vitrified. Now, the additive
KWW model can be adapted in the form of

2

g2(q,t) =b+c [x exp (— <%>ﬁ1> +(x—1) exp (— <%>ﬁ1>l , (6.16)

Here, x reflects the (volume) fraction of the formed phase 1. The model allows for a well-
adapted fit curve and furthermore provides physically meaningful results. While the
equilibrated phase 1 shows fast dynamics with a relaxation time of t1=1.0 s and liquid-
typical stretched shape ($1=0.53), the still frozen phase 2 features (predominantly)
slower and glass-typical compressed dynamics with t2=17.1s and B2=2.09, see Figure

6.12.

6.3 On the equilibrium supercooled liquid fragility of Pts2.5Cu27Nio.5P21

This chapter will bundle all the fragility related results from Paper [ (MDSC) and Paper II
(XPCS) and combine them with additional DMA and FDSC data. Finally, a large-scale data
comparison will be established, which allows a comprehensive evaluation of the

Pt42.5Cu27NiosP21 alloy’s fragility and will further reveal a major issue of the VFT function.

6.3.1 Additional relaxation and transition time data from DMA and FDSC studies

The following chapter will present the results from isochronal DMA temperature scans as
well as FDSC measurements of the dynamic glass transition and the fictive temperature,
all performed on the Pts25Cu27NiosP21 glass former. The respective methods and
experimental details are described in the Chapters 4.1.3, 4.1.4 and 4.2.2. Fig. 6.13a)
displays the normalized loss modulus E”’(w,T) curves of all isochronal DMA temperature
scans with applied modulation frequencies f between 0.1 and 30 Hz. The curves rise with
temperature until a maximum is reached at the frequency-dependent dynamic glass
transition Tgdyn(w), followed by a further decay in E”(w,T) with rising temperature. Here,
the system’s relaxation time equals the inverse angular frequency, see Equation (4.9).
Naturally, Tgdyn(w) shifts to higher temperatures with increasing frequency and is

indicated by filled pentagons in the respective curve color.
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Fig. 6.13: In a), the normalized loss modulus curves of isochronal DMA temperature scans on the

Pt425Cuz7NiosP21 metallic glass former are shown. Tg4yn depends on the measurement frequency f and

manifests as the main peak of each curve, as highlighted. FDSC step response measurements on the

same alloy are presented in b) as a function of the measurement frequency f. Tgayn is reflected by a rise

in the (normalized) cp,rev. It is quantified by defining the inflection point (highlighted) via peak fitting

of the derivative dcprev/dT (dashed lines). In c), 1000 K/s FDSC heating scans are shown, each one after

cooling with different rates. Trc (highlighted) is defined via the area matching method by Moynihan

[306]. The Arrhenius diagram in d) compares the resulting data sets obtained by the three methods.
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Fig. 6.13b) shows the reversing heat capacity cprev curves (solid lines) from the FDSC step
response measurements normalized by their maximum value for best comparability. The
dynamic glass transition manifests itself as a sigmoidal-like rise from the glassy level to
the SCL level. This corresponds to a peak in the derivative dcprev/dT and can be fitted by
a peak function, shown by the dotted lines in Fig. 6.13b). Tgdyn(w) is defined at the
maximum of these peak fits (marking the inflection point of cprev), analogous to the DMA
evaluation. Again, Equation (4.9) accounts for the relationship between t and w. With

rising frequency, Tgdyn(w) shifts to higher temperatures.

Fig. 6.13c) presents FDSC heating scans at a rate of 1000 K/s after cooling with different
rates between 5 and 1000 K/s. As described in Chapter 4.1.4, the cooling rate-dependent
Ttic values are determined using the Moynihan area matching method [240], while the

corresponding transition times Twans are calculated according to Equation (4.14).

Finally, 6.12d) summarizes these results in an Arrhenius plot reflecting the temperature
dependence of the apparent activation energy. The FDSC data sets, Tgdyn(w) and Tiic(qc),
align very well and show the same steepness. The Tgdyn(w) data obtained by DMA features
a practically identical slope as the FDSC data sets, but shows a distinct offset to them,

which will be discussed in the next chapter.

6.3.2 Comparing timescales: On the fine differences between dynamics and kinetics as well

as relaxation and retardation

In the following, we will establish a large-scale comparison of relaxation and transition
times for the Pts25Cu27NiosP21 alloy. This forms a comprehensive basis to demonstrate
and discuss similarities as well as methodological differences among the various methods,
which can be otherwise easily overlooked. Figure 6.14 combines the just introduced DMA
and FDSC results with the MDSC and KWW-fitted XPCS relaxation time data from the
Papers I and II. Further data from literature is added, namely relaxation times from
isothermal XPCS studies by Neuber et al. [26] and transition times from DSC Tg shift
studies by Gross et al. [70]. The first observation from this comparison would be the
strikingly similar slopes among the different data sets. In other words, all methods seem
to reflect the fragility of supercooled Pts25Cu27NiosP21 in a nearly identical manner, which
is an expected, but still encouraging outcome. We will focus on the quantification and

modelling of the liquid’s fragility in the next chapter. Nevertheless, offsets between the
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obtained data sets are apparent and can be addressed to inherent methodological and

physical differences, which shall be briefly discussed in the following.

To begin with, an offset between temperature scanning and isothermal XPCS t data can
be observed. Neuber et al. used temperature scans of 5K/min to establish a
crystallization-based correction for the isothermal measurements, as described in [26].
While this constitutes a robust first approach, it appears reasonable that the discrepancy
of correcting isotherms with a temperature scanning approach causes a slight
temperature error, which can explain the observed offset between the data sets in Figure

6.14. Here, simply shifting the isothermal data by about 5 K would lead to alignment.

Furthermore, we must consider that Figure 6.14 compares relaxation times from XPCS,
MDSC, DMA, and FDSC step response with transition times from the DSC and FDSC Ttictive
measurements. While the former expresses the dynamics of the equilibrium SCL state, the
latter characterizes the transition kinetics from equilibrium SCL to the non-equilibrium
glass (or vice versa). For an in-depth discussion of the inherent differences between
dynamics and kinetics, the reader may reconsider the Chapters 2.3 and 2.4. According to
the Frenkel-Kobeko-Reiner (FKR) relation from Equation (2.24), liquid dynamics directly
predetermine vitrification kinetics. Assuming a relatively temperature insensitive width
of the kinetic glass transition event [227] and taking Equation (2.14) into account, the FKR
relation can be reformulated to directly connect relaxation time t and corresponding

transition time ttrans at a given (fictive) temperature via a proportionality factor C as

T

Ttrans T=Tfictive - (6:17)
Reviewing the calorimetric data from Figure 6.14 shows that the kinetic Ttrans data from
DSC and FDSC Trictive measurements show absolute values roughly twice as high as their
dynamic counterparts, namely the t values from MDSC and FDSC step response
measurements. This implies a general C value of approximately 0.5. Such a value appears
physically meaningful, since the timescale of vitrification at a given fictive temperature
should be somewhat slower than the corresponding structural relaxation process of the
equilibrium liquid at the same temperature. The effectively same slope of the compared
data sets suggests that C is a constant, as it is often claimed in literature [137]. Yet,
Monnier and Cangialosi [307] as well as Di Lisio et al. [32] recently showed that the

concept of a temperature-independent C factor can be massively violated when
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investigating the vitrification kinetics of small-scale samples via FDSC. Nevertheless, these
effects were only found for sample masses below roughly 100 ng, and, therefore, the

relatively large FDSC sample of 350 ng used in the present study should remain

unaffected.
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Figure 6.14: A large-scale comparison of all fragility-characterizing timescale data of the
Pt425Cuz7Nig5P21 alloy obtained in the frame of this work. Relaxation times from isothermal XPCS by
Neuber et al. [26] (gray squares) and transition times obtained through Ty shift measurements by
Gross et al. [70] (orange open triangles) are added to the comparison, too.

Finally, the DMA t data shall be discussed, which stands out by ranging about one order
of magnitude lower than the other data sets in Figure 6.14. To explain this striking offset,
we have to reconsider Chapter 2.3.2, where the methodological differences between
relaxation and retardation experiments were introduced. The DMA measurements are a

relaxation experiments, which eventually determine a modulus-type property, namely
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the complex elastic modulus E*(w,T) The other methods instead determine compliance-
type properties, and hence they are retardation experiments [125,127]. It is well known
that relaxation times determined by modulus measurements (relaxation experiments)
are inherently lower than those determined by compliance measurements (retardation
experiments) [125]. This aspect allows to explain the distinctly lower position of the DMA

data in comparison to the other methods.

6.3.3 Fragility data comparison and adequate fitting models beyond the VFT equation

Paper [ addresses the question of how to properly determine the fragility of a supercooled
liquid from timescale data, in its particular case from relaxation times obtained by MDSC.
Naturally, the well-known VFT function, see Equation (2.14), can applied. Yet, it was
demonstrated that the preexponential factor to has a tremendous effect on the fitted
values of D" and To. If these two parameters shall be used for meaningful fragility
comparisons, the preexponential factor must be defined in a consistent manner. To do so,
Paper | suggests transforming the timescale data into viscosities using the Maxwell
relation, see Equation (2.5). This way, the Nemilov relation from Equation (2.15) can be
used to calculate and fix the preexponential factor no. The procedure has proven robust
and was therefore also applied in Paper II. Nevertheless, the attentive reader may have
noticed that the fit function has changed here from VFT to the cooperative shear model
(CSM) introduced in Equation (2.18). The following considerations explain the reason for

this change.

Figure 6.15a) shows the TMA equilibrium viscosities initially published by Gross et al.
[70], which already served in Paper I and Paper II as reference. The VFT fit from Gross et
al., which is also used in Paper], is indicated with a dashed line and the CSM fit from
Paper II is represented through a solid line. For both fits, the preexponential factor is
calculated using Equation (2.15) and fixed as no=4x10-> Pa s. Within the viscosity data
range, both fits are practically identical, but significant differences are observed in the
extrapolation behavior. The VFT fit appears distinctly more curved than the CSM fit,
resulting in an offset of about one order of magnitude in viscosity at an extrapolation of

roughly 50 K, see in the lower left corner of Figure 6.15a).

In Figure 6.15b) all the timescale data gathered in the previous Figure 6.14 have been

transformed into the viscosity domain, creating an exceptionally large data range
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spanning over more than 80 K. To do so, each data set is fitted with the CSM fit of the TMA

data as

T) =— —= In[— 2 1—— , 6.18
(T) v exp(T n(no)exp< n T ( )

with the fixed parameters no=4x10-> Pa s, Tg" =498 K, 11g=1012 Pa s, and n=1.153. Only the
shear modulus G remains as a free fitting parameter, the results are listed in Table 6.1. All
timescale values are then transformed into viscosities according to the Maxwell relation
and by using the respective G values. For a more detailed description of the procedure,

the reader is referred to Paper Il.

We again see that all transformed timescale data show very similar slopes (i.e. fragilities)
and align nicely with the TMA-determined CSM fit, which is therefore an adequate
function to describe and extrapolate the alloy’s fragility over the whole data range. The
VFT fit shows a different picture as it is incapable of incorporating all data sets in a
satisfying manner. As highlighted in the inset, it is especially unable to describe the rather
straight, less curved path of the FDSC and temperature scanning XPCS results located at
high temperatures. In other words, the VFT function seems to feature an inherent trend
towards a too pronounced curviness, and hence it cannot model the almost Arrhenius-
like trend of the measured relaxation times. This problem of excessive curvature is further
substantiated by fitting all data sets together with one VFT fit, see the suboptimal gray
dotted curve in Figure 6.15b).

In the context of Paper I, this issue was still hidden by the relatively small temperature
range observed. With the introduction of modern FDSC analysis and the fast exposure
times achievable with state of the art XPCS detectors, relaxation times in the sub-second
regime can be obtained. This significantly expanses the accessible data range, see Figure
6.15b), and the inherent problem of the VFT equation becomes visible. Completely
analogous observations can be found in case of e.g. four Mg-based metallic glass formers
asreported by F. Vollmers [308]. Also, previous studies on Pd- and Zr-based metallic glass
formers tend to show the same problem [309,310] Hence, the present issue of the VFT
might prove as a general feature. Future studies might allow to draw clearer conclusions

on this topic.
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Figure 6.15: a) TMA-determined viscosities from Gross et al. [70] fitted with the VFT and the CSM
model. b) Relaxation and transition times from various methods are transformed in the viscosity
domain and aligned with the TMA data. While the CSM model allows to describe the whole data range,
the VFT curve incorporates too much curvature, leading to distinct discrepancies between data and fit

at higher temperature as highlighted in the inset. Fitting all data with the VFT equation also doesn’t
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We see here that the methodological advances in fast scanning calorimetry and
synchrotron technology mark significant progress in the investigation of the fragility of
metallic glass forming liquids. These methods allow to advance deeper into the ‘no-man’s-
land’ of the supercooled liquid state, where structural relaxation and crystallization
kinetics become so fast that conventional methods like TMA, DMA, or DSC cannot provide
insights anymore. Here it shall be referred to the latest methodical advances that
successfully combine synchrotron diffraction with in-situ FDSC [311,312]. With the
upcoming generation of detector technology heading towards exposure times in the ps-
regime, especially FDSC-XPCS combinations [312] will prove as a mighty tool to study
ultra-fast liquid dynamics and transition kinetics at temperatures in the vicinity of the

TTT crystallization nose.

Table 6.1: Comparison of the shear moduli used to transform the timescale data sets into viscosities.

Data type T(T) T(T) (T) T(Tgayn) T(Tgayn) T(Tgayn) T(Thc) T(Tsc)
Method XPCS (H) XPCS (C) XPCS () MDSC FDSC DMA DSC FDSC
Reference This work This work [26] This work This work This work [70] This work

G (Pas) 1.815x108 1.679x108 5.13x107 3.122x108 5.301x108  2.4567x10° 1.667x108 2.230x108

6.4 Mechanical properties of metallic glasses additively formed via laser powder

bed fusion

We will now leave the topics of XPCS, liquid dynamics, and transition kinetics behind and
instead concentrate on the rather industry-related field of additively formed metallic
glasses. At a first glance, this might look like a very large change of scope. Yet, it should be
quickly reminded that liquid fragility is a major factor to predetermine crystallization
kinetics, see Chapter 2.6, and knowledge about a metallic glass former’s TTT diagram as
exemplarily obtained in PaperIll can be of large advantage to reach a deeper
understanding or to even model various kinds of BMG processing routes. Fruitful
combinations of FDSC-determined TTT diagrams with conventional casting [12,313] or
also additive manufacturing [314-316] can be indeed found in literature and also in Paper
[l [2]. Indeed, the extensive knowledge about the crystallization behavior of
Pt425Cu27NiosP21 acquired in Paper III would create a formidable basis for a research
project that aims to qualify this alloy for PBF-LB/M additive manufacturing. Use cases
could be found in jewelry [317-319] or especially in catalytic applications, where Pd- and
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Pt-based metallic glasses like the present Pts25Cu27NiosP21 were shown to feature very

promising characteristics [320,321].

Nevertheless, the present work is rather focused on structural applications of PBF-LB/M-
formed BMGs, and hence, alloys based on cheaper, industry-typical elements like Zr, Cu,
Ti, or Ni were investigated. The coming pages will shed light on the rather practical
aspects of their formation via PBF-LB/M. Chapter 6.4.1 summarizes the work’s findings
on the mechanical properties of AM-formed BMGs, especially regarding the process-
typical brittleness. In combination with further literature, an overview over the topic will
be provided. Chapter 6.4.2 focusses on the step-wise increase in achievable maximum
strength through purposeful alloy selection, which prefigures the rise of AM-formed
NiNb-based metallic glasses with strength limits beyond 3 GPa in the near future. Finally,
some possible application cases for additively formed metallic glasses that where tested
within the periphery of this thesis will be presented, namely honeycomb light-weight
applications in Chapter 6.5.1 and compliant mechanisms that functionalize the high

elastic deformability of metallic glasses in Chapter 6.5.2.

6.4.1 On the brittle behavior of PBF-LB/M-formed metallic glasses

In the course of this work, three BMG families have been evaluated in terms of their
applicability for additive manufacturing via PBF-LB/M, namely the Zr-based AMZ4
(Zrs9.3Cuzs.sAli10.4Nb1s) in Paper IV (in conjunction with a closely related, coauthored work
by J. Wegner et al. [17]), the CuTi-based Vit101 and its microalloyed derivates
(Cu47TizaZr11Nis, Cus7Tiz3Zr11NisSi1, and Cus7Tiz4Zr11NieSiiSnz) in PaperV, and finally
Nis2Nbss in Paper VI. Aiming for the application of these alloys as structural materials, one
of the central goals of these publications was to achieve AM-formed BMGs with optimized
mechanical properties. Based on the experience thereby gained, and by including
coauthored publications by ]. Wegner et al. [8,15,17] that are closely related to the present
work as well as further literature sources, the following considerations shall provide an

brief overview of the topic.

BMG parts formed via PBF-LB/M usually show brittle behavior [68,208,322-326]. In
terms of the stress-strain diagram, this means that only elastic behavior is visible, as the
material reaches strength levels below or (at best) at the level of the yield strength

followed by a sudden fracture. Noteworthy degrees of plasticity can be observed only
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under specific conditions, e.g. upon compression testing [325,327,328] or for beam
bending on very thin beams [329,330], profiting from the well-known size effect of BMG
mechanics [188,331,332] as demonstrated in Figure 6.16.

241 t=2.0mm =
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Figure 6.16: Stress-strain diagrams of PBF-LB/M-formed AMZ4 beams acquired via three-point beam
bending. With decreasing thickness t, the BMG-typical size effect is observed, and the initially brittle
material begins to feature significant plasticity, as further demonstrated in the photographs on the
right. Taken from ]. Wegner et al. [329].

To understand the interplay of the various factors that create this overall brittle
mechanical behavior, we consider the stress intensity factor Ki (for mode I, crack
opening), which quantifies the stress intensity at a given defect (e.g. at the tip of a crack).
Under a certain stress o, there exists a critical defect size ac that will create a
spontaneously growing crack leading to catastrophic failure. The corresponding critical
stress intensity factor Kic is known as the material’s fracture toughness and can be

calculated as
KIC =0 Y A/ TT ac. (619)

The geometry factor Y incorporates information about the sample geometry as well as the
defect shape. The larger Kic, the larger the defects that can be tolerated without material
failure, or on the other hand, the larger the stresses that can be applied before fracture
occurs. Basically, Equation (6.19) includes all aspects that determine how brittle a PBF-

LB/M-formed BMG will be behave upon testing, as discussed in the following.

We start our considerations with the aspect of material compaction upon PBF-LB/M
processing, which has a major impact on the internal defects, i.e. pores. As explained in

Chapter 3.3.2 and demonstrated in numerous studies [4,17,68,206,208,325,333-336], too
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low laser energy input will lead to poorly compacted samples with low relative densities.
The resulting LOF creates large pores that are highly irregular in shape as demonstrated
in Paper IV and exemplary shown in Figure 6.17 (taken from B. Li et al. [325]). Naturally,
such low-density samples feature underwhelming strengths as the large and numerous
pores act as stress risers, especially since their irregular shape affects the geometry factor
Y unfavorably, see Equation (6.19). On the other hand, sufficiently high volume energy
densities Ev will instead create high relative densities of 99% or above, and remaining
porosity manifests as gas inclusions with mechanically less critical, spherical shapes, see
Figure 6.17. In principle, thermoplastic post-processing could be used to further increase
and optimize density by compressing the material to close remaining porosity, as
mentioned in Paper IV. Indeed, hot isostatic pressing (HIP) on PBF-LB/M-formed AMZ4
was reported to reach this objective [337]. Nevertheless, embrittlement due to

crystallization and aging of the glass must then be considered, as discussed later.
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Figure 6.17: Light microscopy images of PBF-LB/M-formed AMZ4 samples created with different
combinations of laser powers P (left axis, in W) and scan velocities v (upper axis, in mm/s). Poor
compaction through irregularly shaped lack of fusion porosity is observed for low volume energy
densities Ey (low P and high v, upper right corner), while higher Ey values lead to high relative densities

with only a low degree of spherical gas pores remaining. Taken from [325].
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Too excessive Ev input will eventually lead to crystallization effects as demonstrated in
Paper VI for Nis2Nbss or e.g. by the manifold studies on the most widely used BMG in
additive manufacturing, the commercially available AMZ4 alloy
[8,17,206,208,325,326,337,338]. In the context of Equation (6.19), crystallites act as
internal defects that can start catastrophic crack propagation. Their highly detrimental
effect on the mechanical performance is further amplified as primary crystalline phases
are often found to be inherently brittle, thereby decreasing the overall fracture toughness
of the material. Therefore, a PBF-LB/M process parameter evaluation must always aim
for a balance between optimized density (requiring high Ev) and avoidance of significant
crystallization (limiting Ev). Figure 6.18 from ]. Wegner et al. [17] demonstrates such an
evaluation process exemplary and shows that an adequate processing window can be

surprisingly narrow, depending on the respective alloy.

This leads us directly to the next major influence factor, which are impurities like oxygen
or carbon. During powder atomization, contamination with these elements is often
unavoidable, due to the crucible material (often carbon), industry-typical vacuum and
atmosphere conditions, and the large surface to volume ratio of the powder particles,
which provides plenty of area for oxidation processes. The coauthored works of ]. Wegner
et al. [17] and E. Barreto et al. [23,27,33] analyze the issue in detail. Especially oxygen
contamination is well known to alter the SRO and MRO of Zr-based BMGs. The resultis an
increasingly icosahedral [339], more rigid atomic structure that favors the formation of
single catastrophic shear bands, leading to a harder, stronger, but also less though glass
[340-345]. . Best et al. indeed report a fracture toughness of about 26 MPavm for highly
oxygen-loaded PBF-LB/M-formed AMZ4, while the high-purity as-cast reference reaches
values above 100 MPavm [344]. Furthermore, contamination with oxygen and carbon can
favor the formation of oxides and carbides, thereby accelerating the overall crystallization
kinetics and narrowing down the suitable process parameter range as shown in Figure
6.18. For example, V. Pacheco et al. report that the high oxygen concentration triggers the
formation of Zr4Cu20 instead of Zr2Cu as the primary phase upon PBF-LB/M processing
of AMZ4 [338].
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Figure 6.18: An example of a PBF-LB/M parameter evaluation process performed for AMZ4. a) Below

optimized samples is relatively narrow. Taken from [17].

In this context, the coauthored work by J. Wegner et al. investigated the structure and

bending strength of PBF-LB/M-formed AMZ4 for different powder batches with varying
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oxygen contents [17], some results are shown in Figure 6.19. For powders with oxygen

contents below roughly 1600 pg/g, the combination of remaining porosity and oxygen

contamination causes brittle fracture as soon as the yield strength is reached. Yet even

higher oxygen loads result in premature fracture at strength levels below the yield

strength.
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Figure 6.19: a) Depending on the oxygen concentration in the used powder feedstock, PBF-LB/M-

formed AMZ4 samples may fracture before reaching the material’s yield strength upon bending. b) The

contamination threshold before premature fracture occurs can be roughly determined at 1600 pg/g.

) The respective embrittlement goes hand in hand with the emergence of first Bragg peaks in the

HESXRD diffractogram, indicating beginning crystallization. Taken from [17].
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For these samples, the HESXRD diffractogram reveals first Bragg peaks, see Figure 6.19c).
These signalize emerging (nano-)crystallization, most likely in form of ZrsCu20
precipitates induced by the high oxygen loads. It shall be mentioned at this point that
major oxygen concentrations of up to 2292 pg/g (compare powder batch C1 in Figure
6.19) actually constitute a kind of micro-alloying. Converted into at%, the real
composition of the additively formed AMZ4 would then be ZrsssCu2s5Al103Nb1501.1
instead of the original Zrso3CuzssAli0.4Nb1s. Such considerations put the massive
differences in crystallization behavior, ductility, and fracture toughness between PBF-

LB/M-formed and high-purity as-cast AMZ4 into perspective.

Finally, relaxation and residual stresses can be identified as a major influence factors for
the mechanics of AM-formed BMGs. A relaxed glass with an accordingly low Trc features
a rather dense and rigid atomic structure, hence showing relatively brittle mechanical
behavior [219]. While the results from Paper VI suggest that the fast thermal cycles of
PBF-LB/M seem to create a glass with rather high free volume and Trc, other works
address embrittlement of the amorphous phase and even resulting crystallization to aging
effects caused by the HAZ [68,346,347]. Furthermore, PBF-LB/M is known to create
periodical alternations in structure and relaxation state due to the layer-wise built [348].
Such heterogeneity must also be seen critical in terms of the mechanical properties, as it
introduces typical residual stress states [349] that can lead to crack formation as seen in
Paper V and Paper VI. Here, thermal post-processing in form of equilibration in the SCL
state followed by fast quenching and vitrification (similar to the thermal protocol used for
TPF post-processing in Paper IV) might help to homogenize structure and relaxation state.
Recent studies by D. Ouyang et al. [347] and L. Ruschel et al. [40] demonstrate the

principle.

In conclusion, ductility and fracture toughness of PBF-LB/M-formed BMGs are challenged
by the interplay of process-typical defects in form of remaining porosity as well as
embrittlement due to crystallization, contamination issues, relaxation effects, and
residual stresses. The problem could be addressed by BMG composites with an
intentionally added crystalline phase that improves the overall ductility [350-353]. Yet,
such approaches tend to be very challenging in terms of processing and might feature the
issue of anisotropic properties. A different strategy for the future use of AM-formed BMGs
would be to focus on the still impressive elastic properties of these materials. Chapter 6.5

will give some examples for respective part designs. In this case, optimizing the accessible
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yield strength through reasonable alloy selection is a promising path, which will be

discussed in the following chapter.

6.4.2 From Zr- to CuTi- and NiNb-based systems: Maximizing the accessible strength of
AM-formed BMGs through alloy selection

The succession from Paper IV to V and VI displays a focus change from the medium-
strength Zr-based AMZ4 to the significantly stronger and harder CuTi-based Vit101
system to finally consider the high-strength Nic2Nbss glass former. Here, the underlying
idea is to fathom and shift the limits of accessible mechanical properties for PBF-LB/M-
formed BMGs. Paper IV and also J. Wegner et al. [17] show that additively formed AMZ4
can reproducibly reach its yield strength of 2.1 GPa upon bending, a value that has been
identified as an interim world record by a review article from N. Sohrabi et al. in 2021
[68]. The bending tests on Vit101 from Paper V exceed this record by reaching the alloy’s
yield strength at up to 2.5 GPa. The small amount of available Nis2Nbss powder feedstock
[33] limits Paper VI to a preliminary parameter study and prohibits the formation of large
beam samples for bending tests. Nevertheless, the found hardness values of more than
850 HV1 are practically identical to the hardness of as-cast Nic2Nbss [31]. This agreement
might foreshadow an overall promising mechanical performance of additively formed

Nie2Nbss.

Figure 6.20 displays the stress-strain diagrams (measured upon bending) of PBF-LB/M-
formed AMZ4 and Vit101 from Paper IV and V, which reach their alloy-specific yield
strengths of 2.1 GPa and 2.5 GPa before brittle fracture occurs. Assuming the same
behavior for PBF-LB/M-formed Nis2Nbss would lead to an impressive maximum strength
of roughly 3.5 GPa, as indicated on hand of the as-cast reference curve. This value would

dwarf most metallic materials used today, including ultrahigh-strength steels [354].
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Figure 6.20: Stress-strain curves (bending) of PBF-LB/M-formed AMZ4 and Vit101 from Paper IV and
V. When formed with optimized parameters, both systems can reproducibly reach the yield strength
of the material before brittle fracture occurs. Assuming the same behavior for PBF-LB/M-formed
Nis2Nbsg would lead to an impressive maximum strength of about 3.5 GPa, as indicated on hand of the
as-cast reference curve for this alloy (this curve was measured with a bearing distance of 15 mm, the
data was kindly provided by Lucas Ruschel).

Regarding the promising results in terms of high density and almost full amorphization in
Paper VI, the alloy-inherent fracture toughness is probably the most crucial aspect that
might allow or prohibit to reach such strength values for PBF-LB/M-formed Nis2Nbss.
While AMZ4 and Vit101 feature fracture toughness values of roughly 100 MPavm
[344,355], a value of about 50 MPavm was recently measured for Nis2Nbss [43].
Ultimately, future studies must validate if the alloy can evolve its full mechanical potential
in AM processing. It shall be mentioned that the GFA, hardness, and strength of the NiNb
system can be significantly improved by alloying with various further elements, yet these
optimizations come at the cost of ductility and toughness [31,43,58,59]. For example, B.
Li et al. shows that microalloying with phosphor halves the determined fracture
toughness [43]. This result agrees with the previously discussed embrittlement of PBF-
LB/M-formed AMZ4 due to ‘microalloying’” with oxygen contamination [17] or the

embrittlement of the Vit101 system due to minor additions of Si and Sn as reported in
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Paper V and by G. Garrett et al. [355]. Seen in this context, the simple binary Nis2Nbss alloy
might be the most promising candidate to create high-strength PBF-LB/M-parts as it

seems to offer the best fracture toughness in the NiNb BMG family.

6.5 Potential application cases of additively formed metallic glasses

Paper IV demonstrates that TPF-post-processing can be used to further functionalize PBF-
LB/M-formed BMG parts, thereby implying applications in cases where the geometrical
freedom of AM-processing meets the need for specifically structured surfaces.
Nevertheless, the present work was part of several research projects on the PBF-LB/M of
metallic glasses, and in the course of these projects, other potential applications were
tested, evaluated and finally published by ]. Wegner et al. [20,356,357]. These approaches
can be summarized under the term DfAM, which stands for ‘design for additive
manufacturing’. The underlying principle of DfAM is to overcome designs that are
optimized for traditional processing routes (casting, molding, machining etc.) by adapting
to the conditions and advantages of additive manufacturing, especially the process-typical
geometrical freedom. The following chapter will give a quick overview over the outcome

of these test series.

6.5.1 Honeycomb structures as an archetypical example for AM lightweight structures

Honeycombs are natural structures that have been optimized by millions of years of
evolution to provide an impressive balance between stiffness and strength on the one
hand and material and space consumption on the other hand. Thus, honeycombs are often
adapted as a biomorphic design in lightweight applications [358]. Due to the complex
shape, they are rather difficult to manufacture by traditional routes but can be easily
formed through AM-processes [359-361], making them a typical example for a DfAM
structure. . Wegner et al. tested PBF-LB/M-formed AMZ4 honeycomb structures in terms
of their suitability for lightweight structural applications [356]. For this purpose, six types
of beam samples with solid frames and inner structures in honeycomb design have been
produced from AMZ4. The honeycomb cell heights h were varied between the different

beam types as illustrated in Figure 6.21 (including a solid reference).
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Figure 6.21: Microscopic pictures of the six types of beams created. The reference beam type features

solid filling, the five honeycomb-structured ones are formed with increasing honeycomb cell heights
h. Taken from [356].

The internal cavities act basically as large, intentionally introduced pores that reduce the
relative density of the beams by up to 30%. Bending tests on these samples reveal that
their specific strength (maximum strength normalized by the relative density) can exceed
the specific strength of the solid PBF-LB/M-formed AMZ4, as shown in Figure 6.22. These
results might be empirical and preliminary but demonstrate nevertheless the auspicious
applicability of additively formed BMGs for lightweight DfAM designs. The interested
reader might be referred to a recent publication by ]. Wegner et al. that deepens the

research on BMG lightweight designs in terms of lattice structures [329].
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Figure 6.22: The relative density of the honeycomb-structured beams decreases with increasing cell

size. Accordingly, the specific strength of these beams increases. Taken from [356].

6.5.2 Functionalizing the large elastic limit of metallic glasses trough AM-formed

compliant mechanisms

Compliant mechanisms are designs that substitute hinges and joints trough elastic
deformation within the part itself, allowing to reduce friction, wear, and the number of
needed parts [362,363]. This requires specific shapes that might be difficult to machine,
but can be easily created through AM, and hence, compliant mechanisms fit well within
the DfAM concept. The superb elastic energy storability of BMGs, see Chapter 2.8.1,
predestines them as material choice for such applications. We have seen that LPBF-
formed AMZ4 with reasonable low oxygen contamination and produced with optimized

process parameters is able to reach strength values in the order of the material’s yield
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strength of more than 2 GPa. In combination with more than 2% elastic deformability, an
enormous potential to store elastic energy can be reached as demonstrated in Figure 6.23.
AMZ4 can store more than three times the elastic energy of Ti6Al4V, a crystalline alloy

that is known for its already high elasticity.
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Figure 6.23: PBF-LB/M-formed AMZ4 allows to store more than three times the elastic energy as a
Ti6Al4V reference, a crystalline alloy that is known for rather high elasticity. Taken from [20].
Accordingly, ]. Wegner et al. functionalized this potential in a coauthored publication [20]
by creating a compliant mechanism from additively formed AMZ4. A pincer tool was
developed and realized through a deltoid Q-joint design. By pressing the two handle parts
together, elastic bending occurs within the four hinges and allows to close the two clamps

on the front of the tool, as illustrated in Figure 6.24.
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Figure 6.24: Schematic illustration of the deltoid Q-joint type compliant mechanism. Through
compressing the handles, the clamps on the tip of the device can be closed. Elastic deformation
localized in four hinges constitutes the basis for this effect. Taken from [20].

The design was created in two different sizes, photographs of the formed parts are shown
in Figure 6.25. Considering the angle 2y that spans between both clamps demonstrates
the functionality of the used BMG material, see Figure 6.26. While AMZ4 allows for a full
closure of the clamps while still preserving only elastic deformation in the highly loaded
hinges, crystalline metals can only provide a small fraction of the 2y=17.2° needed for full
closure. Even the relatively elastic Ti6Al4V would only reach about one third of the

needed motion range.

Figure 6.25: PBF-LB/M-formed pincer tools made from AMZ4. a) Still on the build plate and b) after
separation and being ready to use. Taken from [20].

In order to achieve the same effect of clamp closure with the crystalline reference metals,
the hinges and the whole part must be designed significantly larger. Using the PBF-LB/M
formed BMG hence creates a striking advantage and encourages the use of similar devices

e.g. as pincer tools in medicine.
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Figure 6.26: The maximum clamp angle 2y that can be applied while remaining in the elastic
deformation regime of the hinges. For the given design, only AMZ4 allows for full closure at 2y=17.2°,
while typical crystalline reference materials would show massive plastic deformation (or fracture) at
the hinges in case of full closing. Taken from [20].
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7. SUMMARY AND OUTLOOK

The present cumulative thesis includes six publications as well as additional results and
considerations in the topical field of metallic glasses. The findings can be roughly grouped

into three main categories.

7.1 Fragility of supercooled metallic liquids

The work focuses on the fragility of deeply supercooled metallic glass forming liquids.
Here, the Pt425Cu27NiosP21 alloy serves as a model system. Its liquid dynamics are
characterized via MDSC in Paper |, via temperature scanning XPCS in Paper Il and by using
DMA and FDSC methods as additional methods. Especially the advanced methods of XPCS
and FDSC allow to characterize temperature ranges that were mostly inaccessible in
previous studies. Combining the resulting data with other experimental approaches leads
to an exceptionally large fragility data set comparison and the question of an adequate
model to describe, quantify, and extrapolate arises. Future studies, e.g. those that combine
XPCS and FDSC to further increase the accessible temperature range might help to clarify
the matter. Moreover, the work demonstrates the close connection between liquid
dynamics and vitrification and also crystallization kinetics, which are modelled for the

Pt42.5Cu27NiosP21 alloy in Paper Il by using state of the art FDSC methodology.

7.2 Revealing the coexistence of two types of atomic motions in the non-

equilibrium state via temperature scanning XPCS

Paper II introduces the rather unconventional method of temperature scanning XPCS,
which is a novelty in terms of metallic glass formers. By heating and cooling through the
glass transition region of the Pts25Cu27NiosP21 alloy, the work reveals for the first time
that the non-equilibrium state seems to be characterized by the coexistence of two types
of atomic motions, namely liquid-like (sub-)diffusive motions as well as glass-typical
ballistic-like motions driven by internal stress states. It is found that this interplay can be
mathematically modelled by a multiplication of two KWW functions. The presented
method of temperature scanning XPCS will likely evolve to become a standard
experimental approach for countless scientific cases, e.g. liquid-liquid transitions or phase

separations. Furthermore, the developed multiplicative fitting approach might find its use
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not only for out-of-equilibrium metallic systems, but for glass forming materials in
general and its application is likely not limited to XPCS but could be also expanded to
evaluate results stemming from much more prevalent dynamic light scattering

experiments.

7.3 Laser powder bed fusion of metallic glass formers

Paper 1V, V, and VI focus on the additive manufacturing of BMGs via laser powder bed
fusion. Paper IV investigates the possibility of post-processing AM-formed parts via
thermoplastic forming on hand of the Zr-based AMZ4 alloy. The approach appears
promising, since it is able to optimize and functionalize part surfaces. Paper V provides a
comprehensive evaluation of the CuTi-based Vit101 alloy system for PBF-LB/M. Paper VI
finally presents a first evaluation of the binary Nis2Nbss glass former in terms of AM. Given
the case of optimized processing, it is demonstrated that the yield strength can be
reproducibly reached for AMZ4 and Vit101 AM-formed parts, leading to record-bearing
strength values of 2.1 GPa and 2.5 GPa, respectively. Extrapolating this trend to the
Nis2Nbss alloy would allow for PBF-LB/M-formed metallic glasses with extreme strength
values beyond 3 GPa. Nevertheless, brittleness remains a challenge to be addressed.
Furthermore, the work demonstrates that additively formed BMGs can be a promising
choice for lightweight structures, but also for compliant mechanisms that functionalize
the material-specific exceptional elastic deformability. The latter aspect would also be

highly auspicious for e.g. auxetic structures.
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