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Abstract

Bulk metallic glasses represent an intriguing category of advanced materials. Their
extraordinary strength and elastic limits make them promising candidates for
structural applications, offering the potential to enhance energy efficiency and
optimize structural designs. This exceptional performance is rooted in their
distinctive microstructure, which consists of regions exhibiting varying degrees of

frustration within an overall disordered arrangement.

This thesis delves into the exploration of the fundamental physical dynamics that
govern this disorder at the elemental level. To efficiently reveal the underlying
deformation dynamics, nanoindentation testing serves as the primary tool for
capturing the material's nanomechanical response to applied loads. To enhance the
robustness of the data and account for the heterogeneous microstructure, testing
campaigns are meticulously structured to encompass a substantial dataset,
exceeding 100 tests per sample under various conditions. Indeed, a statistical
approach is fundamental in providing comprehensive insight into the physical and
nanomechanical characterizations of BMGs, particularly in the highly localized

examination of deformation mechanisms.

Initially, a sample of ZrsoCusAlio bulk metallic glass was investigated through
nanoindentation testing. This nanomechanical characterization allowed to assess
fundamental properties such as Young's modulus and hardness. Furthermore, a

more in-depth analysis of the nanoindentation raw data provided insights into



deformation dynamics. The validated load over displacement versus displacement
visualization method was employed to enable a comprehensive analysis of the
initial stages of deformation. This method allowed to identify both the first serration,
typically considered a signature of incipient plasticity, and a precursor event. The
most significant discovery was the precursor event. Indeed, this result was further
confirmed by examining the sample surfaces using atomic force microscopy before
and after nanoindentation tests to detect indentation marks in relation to the
presence of a pre-serration event. In the case of a pre-serration event, a distinct mark
was observed. This validates the anelastic nature of the newly detected event.
Moreover, a statistical analysis was conducted. It indicated that both the pre-
serration and serration events are thermally activated phenomena. However, no
correlation between serration size and triggering load was found. This suggests that
while the serrations are thermally triggered, their underlying dynamics may involve

different processes, such as avalanche mechanisms.

Probing a pre-serration event raised further questions, including whether the
structural state of the alloy could influence the occurrence of such an event. To
address this question, an alloy with the same composition in two distinct structural
states, namely as-cast and annealed, was examined through nanoindentation testing.
Similar to the previous analysis, the load-over-displacement versus displacement
plot was employed to detect serrations and pre-serration events. The main
difference between the two samples lies in their microstructures. The as-cast sample
has a higher volume fraction of unstable regions, while the annealed sample has a

more stable microstructure overall. This difference is directly reflected in the higher



value of triggering load for serration detected in the as-relaxed sample. However,
the triggering load for pre-serration event showed the same distribution in both
samples. This finding suggests that the precursor event corresponds to a highly

localized deformation mode, potentially involving the most unstable regions.

Finally, the influence of temperature on the mechanical performance of the
examined bulk metallic glass, in both structural states, is investigated. The testing
environment covers a wide temperature range, from room temperature to glass
transformation and crystallization temperatures. Due to the higher volume fraction
of unstable regions and free volume, the as-cast samples exhibit larger
displacements both during the loading and holding stages of the nanoindentation
test. The nature of the microstructures is confirmed after testing using X-ray
diffraction. The overall mechanical performance of both samples reveals a
softening behavior at temperatures below the glass transition. This feature was

examined in detail and the activation energy for softening was estimated. The

results are in agreement with the activation energy for B-relaxation, suggesting that

the underlying mechanisms rely on diffusion processes. Therefore, the creep
behavior is analyzed. A clear steady-state stage is not identified, except for the
experiments conducted at 400°C, which show a tendency toward a steady-state

regime.
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1. Introduction

1.1. Bulk metallic glasses

1.1.1. Definition and characteristic features

The rapid technological advancements of the recent decades, coupled with the
growing need for enhanced energy efficiency and resource utilization, have
motivated scientists to engineer advanced materials with precisely tailored
microstructures [1.1]. Exceptional properties can be realized when materials are
processed under non-equilibrium conditions [1.2], a characteristic that extends to
bulk metallic glasses (BMGs).

BMGs are a unique class of advanced materials distinguished by their
unconventional atomic structure and mechanical properties. In contrast to
traditional crystalline metals, BMGs lack translational symmetry and the long-
range order found in crystal lattices, presenting instead an amorphous or disordered
atomic arrangement. In crystalline metals, the regular lattice structure ensures that
each atom shares identical surroundings, characterized by consistent nearest
neighbor distances and coordination numbers (the count of nearest neighbors).
Conversely, non-crystalline solids lack this ordered atomic arrangement, resulting
in elongated nearest neighbor distances and reduced coordination numbers. Non-
crystalline solids are categorized into quasi-crystal and amorphous materials, with
the amorphous category including metallic glasses. Figure 1.1 provides a schematic

representation of the atomic arrangements in both crystalline and amorphous solids.
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Figure 1.1 Schematics of atomic arrangements in crystalline and amorphous solids.

Metallic glasses are defined as non-crystalline solids formed through continuous
cooling from a liquid state [1.3]. When their dimensions extend to at least a few
millimeters in thickness, they earn the designation of ‘bulk’ metallic glasses.
Initially, the benchmark for this distinction was set at 1 mm; however, nowadays,
researchers consider a sample with a minimum diameter or section of 10 mm as
meeting the criteria for ‘bulk’ [1.3].

Thus, BMGs feature a unique microstructure characterized by the absence of long-
range order, grain boundaries and dislocations, exhibiting regions with varying
geometrical constraints and degrees of frustration. These structural traits underlie
their distinctive deformation behavior [1.4,1.5], which is notably influenced by
environmental factors, particularly temperature. Furthermore, BMGs exhibit
exceptional mechanical properties, including high elastic limit, remarkable strength,
and hardness [1.6—1.8]. As shown in Fig. 1.2, these unique microstructural
characteristics result in a material with double the strength of, yet lighter in weight
than, stainless steel, outstanding hardness that makes them suitable for surface

coatings, remarkable toughness that provides greater resistance to fractures when



compared to ceramics, and a high elasticity characterized by high yield strength.
The absence of grain boundaries contributes to the material's resistance to corrosion
and wear. Moreover, metallic glasses exhibit soft-magnetic properties, especially
when incorporating glass formers (such as B, Si, P) and ferrous magnetic transition

metals (like Fe, Co, Ni) [1.8].
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Figure 1.2 Metallic glasses (glassy alloys) exhibit high strength and elasticity [1.8].

1.1.2. Historical background and development

The development of BMGs is a fascinating journey through materials science and
engineering. BMGs are relatively recent materials, with an interesting history that
has evolved over the past few decades.

In the 1960s, Duwez et al. [1.6] at the California Institute of Technology succeeded

in creating the first metallic glass by rapidly cooling a molten alloy of gold and
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silicon. This groundbreaking discovery opened new horizons for materials science.
In the subsequent decades, as processing techniques advanced and new alloy
compositions emerged, metals such as zirconium, titanium, copper, and nickel were
combined [1.9] and researchers began delving into the underlying physical
mechanisms that govern deformation within these amorphous structures [1.10—
1.13].

During the 1990s, pioneering experiments were conducted on BMGs'
thermophysical properties in a microgravity environment aboard the National
Aeronautics and Space Administration (NASA) space shuttle Columbia [1.14,1.15].
Initial success led to plans for further experiments to investigate transport and
atomic diffusion mechanisms in BMGs in microgravity. However, these plans were
shelved following the loss of Columbia in 2003. Subsequently, microgravity
experiments were conducted on the International Space Station (ISS) within multi-
user facilities. ThermoLab is one of the international programs involving space
agencies such as NASA, the European Space Agency, and the Japan Aerospace
Exploration Agency, among others [1.16]. In 2004, BMG processing research
reached new heights when thermoplastic foaming of a Pd-based BMG was achieved
in orbit [1.17]. This event holds significance across all fields of materials science
as it showcased early on in-orbit metal manufacturing, a key goal of in-space
endeavors [1.18,1.19].

On Earth, researchers continued their investigations, and scientific interest in
BMGs and their underlying physical dynamics remained vibrant in the academic
community [1.20-1.24]. Techniques like computer-aided analysis, atomistic

simulations [1.25-1.29], and artificial intelligence [1.30,1.31] have contributed



significantly to unraveling the complexities of these structures and advanced our

quest to master disorder in BMGs.

From an industrial and commercial perspective, the current leading manufacturer
of BMGs, on a global scale, is Yihao Metal Technology Co., Ltd. (‘Yihao’) [1.32],
headquartered in China. Other prominent companies engaged in the supply of
metallic glasses and their applications include Liquidmetal Technologies, Inc.
[1.33] in the United States of America and BMG Corporation [1.34] in Japan. In
2022, Liquidmetal Technologies, Inc. forged a significant manufacturing supply
agreement with Yihao, with the aim of expanding the reach and application of
metallic glasses technology in mass-scale industrial use. This strategic
collaboration highlights the growing importance of BMGs and their increasing
adoption in diverse fields, underscoring their potential to revolutionize various

industries in the near future.

1.1.3. Current applications

Owing to their unique characteristics, BMG applications span diverse sectors such
as aerospace, electronics, biomedical devices, and sporting goods.

BMG forms can be customized for specific applications and for desired attributes.
Metallic glasses can be crafted into various configurations, including rods, sheets,

and spheres, allowing engineers and designers to precisely exploit their properties
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to meet the demands of each application. This adaptability in form and the ability
to fine-tune BMGs for different purposes underscore their exceptional utility in
modern engineering and technology, making them an asset in the pursuit of
innovative solutions across a wide spectrum of industries.

Initially, BMGs found a niche in the realm of sporting goods, capitalizing on their
exceptional strength and elasticity to enhance performance and durability. Their
debut applications included golf clubs (Fig. 1.3(a)), tennis rackets, baseball bats,
and equipment for skiing and marine sports. More recently, BMGs have made
inroads into the world of music, with earphone components (Fig. 1.3(b)) and guitar

pins (Fig. 1.3(c)) [1.35].

Figure 1.3 Applications of BMGs: (a) sports equipment as golf clubs (photo: NASA

website), (b) earphones components, and (c) guitar pins [1.35].

The compositional homogeneity of BMGs, at the nanoscale, renders BMGs suitable
for the fabrication of intricate and precision-driven mechanical components.
Notably, micro-gears possessing enhanced mechanical properties and optimized
manufacturing processes have been developed over the past decades [1.36,1.37].
These micro-gears serve pivotal roles in the assembly of miniature motors; and one

of the smallest motors, 0.9 mm in diameter (2011), is shown in Fig. 1.4(a) [1.38].
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Miniaturized motors, engineered to withstand cryogenic environments for space
applications, are currently under development at NASA in the "Bulk Metallic Glass
Gear" project (Fig. 1.4(b)) [1.39]. Indeed, BMGs have secured a place in aerospace
applications, such as tiles in sample-return probes (Fig. 1.4(c)) [1.40] and robotic-
systems hardware [1.41].

Furthermore, metallic glasses can be employed for their high-impact resistance —
such as the safeguarding of spacecraft from orbital debris [1.42] and ballistic
impacts [1.43]. These applications play vital roles in both civilian and military
contexts which attest to BMGs’ effectiveness in providing protection and
penetration capabilities.

Moreover, metallic glasses are increasingly finding uses in the biomedical field,
where they are employed in surgical tool manufacture and orthopedic implants
[1.44]. BMGs have applications in consumer electronics [1.45,1.46], the
automotive sector, as components in valves and sensors [1.47-1.49], and luxury
fashion accessories [1.50].

These diverse applications highlight the versatility and attractiveness of BMGs
across various industries. With ongoing research focusing on new alloy
compositions, advanced processing techniques, and a deeper understanding of their
fundamental physics, the potential applications for BMGs are projected to expand
further, positioning BMGs as promising candidates for innovative materials in

structural applications.



Figure 1.4 Applications of BMG: (a) assembly of the smallest reported motor [1.38],

(b) assembly and components of cryo-capable gearbox [1.39], (c) BMG tiles

installed on a sample-return probe [1.40].



1.2. BMG mechanical behavior

1.2.1. Shear transformation and free volume theory

BMGs, with their disordered microstructure, devoid of long-range order, are
primarily comprised of unstable region and stable structural regions [1.3]. The
unstable region is characterized by less densely packed atoms, allowing for more
facile atomic reconfigurations, whereas the stable region exhibits a higher atomic
density. In recent years, this distinctive nanoscale heterogeneity was substantiated
using amplitude-modulation dynamic atomic force microscopy (AFM) by
researchers such as Liu et al. [1.51] and Yang et al. [1.52].

The theoretical perspective on microstructural heterogeneity is elucidated through
the free volume theory, initially proposed by Turnbull and Cohen [1.51-1.53]. Free
volume pertains to the space within an atom's nearest neighbor cage where it can
move without any energy change. Within amorphous systems, the free volume is
statistically distributed among all the constituent atoms. It is crucial to recognize
that the atomic arrangement corresponds to specific energy distributions, which can
undergo either reversible or permanent perturbations during deformation. The
foundational concept here is the potential energy landscape (PEL) which represents
the many-body potential energy of a material in relation to atomic positions
[1.54,1.55]. The potential energy landscape is a conceptual model used to describe
the various energy states available to a system. In this landscape, the system's
potential energy is depicted as a function of its atomic arrangement. Valleys
represent stable states, while hills indicate higher potential energy and less stable

9



configurations. In bulk metallic glasses, the PEL is continuously evolving under the
external applied stresses. In fact, plastic deformation involves a permanent
alteration in the energetic configuration. When examining plastic flow in metallic
glass ribbons, Spaepen [1.11] suggested that, under sufficient shear stress, free
volume could be generated with an atomic jump mechanism, as illustrated in Fig.
1.5. By meeting a specific potential energy requirement G, an atom with a hard
sphere volume v* can fit into a neighboring free volume site with slightly smaller
volume v, resulting in a lower potential energy state. This process displaces the
surrounding atoms, increasing the total free volume by v*—v. However, a relaxation
process counteracts this creation process, involving subtle structural
rearrangements that eliminate free volume [1.56]. Therefore, the free volume theory

predicts a continuously evolving microstructural and energetic configuration.
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Figure 1.5 Atomic jump: schematic of free-volume creation and annihilation

mechanism [1.11].
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Another perspective on the potential deformation mechanism during inelastic
deformation is that BMGs experience deformation through shear transformation
(ST), or the cooperative re-arrangement of atomic clusters [1.12,1.22]. A schematic
representation of the ST mechanism compared to the atomic jump presented in the

free volume theory is given in Figs. 1.6(a) and (b).

(@
—

b

Figure 1.6 Schematic representation [1.58] of potential deformation mechanisms in

BMG: a) shear transformation [1.12,1.22] and b) free-volume theory [1.11].

ST stands as a pivotal deformation mechanism and makes in-depth microstructural
analysis at the nanoscale essential for deciphering potential deformation
mechanisms in BMG. The ST process is triggered by stress and occurs in regions
with atoms prone to structural relaxation, as the atomic jump. Subsequently, Falk
and Langer [1.57] introduced the concept of a ‘shear transformation zone’ (STZ) to
pinpoint the location of occurrence of the ST. However, the STZ manifests only
under applied stress and does not exist as an inherent structural defect within the

alloys; rather, it manifests transiently under external applied stress. Consequently,
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it is only possible to detect the effects produced by an STZ occurrence by direct
observation of atomic configurations, post-deformation. Though the experimental
assessment of STZs is challenging, owing to their transient nature, it has been
confirmed that their activation is favored in unstable, loosely packed regions [1.58].
Moreover, the STZ concept is closely linked to shear band (SB) formation, which
is considered a carrier of plasticity on a larger scale [1.12]. Hence, a fundamental
approach to the study of plasticity initiation and subsequent behavior in BMGs lies

in mechanically characterizing unstable regions.

As experimental approaches have multiple constraints, numerical methodologies
have emerged as valuable tools for comprehending the underlying deformation
mechanisms in BMGs. The cooperative shear model (CSM), introduced by Johnson
and Samwer [1.59], offers a universal criterion for room temperature plastic
yielding. This model considers the PEL [1.60] and catastrophe theories [1.61]. From
a theoretical perspective, the activation of STZs and the propagation of SBs [1.62]
involve overcoming specific potential energy barriers [1.59-1.61].

Building on the CSM and nanoindentation data collected during the loading phase,
Schuh and Lund [1.63] developed a mathematical approach to estimate the
activation volume for stress-assisted defect nucleation, characterizing the initial
plastic flow in crystalline materials. This method was successfully adapted to BMG
studies by Choi et al. [1.64], who estimated the STZ volume through statistical
analysis of the maximum shear stress associated with the first serration. Using a
similar protocol and nanomechanical characterization data, Ma et al. [1.65]

estimated the STZ volume in various BMGs to explore its relationship with their
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mechanical properties and concluded that the STZ volume decreased with
increasing Poisson’s ratio, while no clear trend emerged between STZ size and

Young's modulus.

Understanding and predicting BMG deformation dynamics remain pivotal for fully
harnessing their potential in structural applications that are currently hindered by

their susceptibility to sudden, catastrophic failure.

1.2.2. Shear banding and catastrophic failure

Shearing mechanisms are central to understanding BMG deformation behavior. The
re-arrangement of atomic clusters during ST and shear banding significantly
influences the mechanical properties of these materials.

Interestingly, the challenges posed by the unpredictability of shearing phenomena
extend beyond BMGs. This issue is a subject of investigation in various scientific
domains, including amorphous solid-state physics, granular materials, and
geomechanics. SB propagation is a well-known phenomenon in fracture mechanics,
encompassing various types of soil [1.66,1.67], rocks [1.68,1.69], and granular
media [1.70-1.72]. Researchers have observed similarities in the scaling of
avalanches accompanying shearing in BMG and granular materials, suggesting a
common underlying deformation mechanism [1.73]. This interdisciplinary
approach to studying shearing in amorphous structures offers valuable insights and

perspectives. For instance, the shearing of a pile of sand is a relatable and accessible
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experience which aids in the comprehension of this phenomenon across other
materials. Figure 1.7 illustrates deformation bands at various scales. Figure 1.7(a)
depicts macro-scale deformation bands observed in rocks [1.69], while Figs. 1.7(b)
[1.74], 1.7(c) [1.75] and 1.7(d) [1.76] showcase shear bands observed in BMGs
under applied loads.

Shear banding involves two main phases: nucleation and propagation. While it is
generally agreed that SB nucleation, in BMG, may begin in loosely packed regions
where atomic mobility is higher, the governing dynamics of nucleation and

propagation remain a topic of ongoing investigation.

(b)

Figure 1.7 Deformation bands observed (a) in rocks [1.69], and (b) in BMG in micro-

pillar compression testing [1.74], (c) indentation testing [1.75], and (d) transmission

electron microscopy observation [1.76].
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1.2.3. Temperature influence on mechanical response

Glass transition and crystallization temperatures

The structure of BMGs undergoes continuous changes characterized by atomic
rearrangements and the redistribution of free volume during deformation
[1.13,1.77]. These alterations are driven by the input of mechanical and thermal
energy. Notably, the mechanical performance and inherent microstructure of BMGs
are affected by their glass transition temperature (T;). Additionally, BMGs undergo
a crystallization process at a specific temperature denoted as Tx, which is above Tg.

This crystallization process further modifies the alloy's mechanical properties.

The temperature span extending from Ty to Tx is the supercooled liquid region,
typically covering a range of 40-90 K [1.3]. The largest range, equal to 131 K, was
reported in a Pd43NijoCuz7P20 alloy [1.78]. The supercooled liquid region holds
significant importance in manufacturing processes. Within this range, the alloy
exhibits low viscosity and hence, a high formability. An inherent limitation in the
manufacturing of BMGs of complex shapes is the crystallization time. When the
alloy is exposed to elevated temperatures, this duration is shortened, and at lower

temperatures it is lengthened.

Furthermore, deformation in BMGs can be homogeneous or inhomogeneous
depending on factors such as the temperature range and strain rate. While

homogeneous flow is typically observed in the range 0.6—1 times T, [1.12,1.79],
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this temperature range is significantly influenced by the applied strain rate. Lower
strain rates result in lower transition temperatures from inhomogeneous to

homogeneous flow [1.80].
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Figure 1.8 Representative differential scanning calorimetry curve for a bulk metallic

glass [1.81].

It is crucial to emphasize that thermal conditions are not solely determined by
external testing or application environments. The atomic vibrations themselves can
induce temperature variations within the material. This phenomenon is pertinent
when considering the groundbreaking observation of temperature differences
between shear bands [1.82] and distinguishing between ‘hot’ and ‘cold’ shear bands
[1.83,1.84]. Therefore, the concept of temperature is related to both the macro-
environment of the BMG sample and the temperature fluctuations occurring on an
atomic scale due to electron excitations. This atomic-scale perspective is

fundamental for understanding the highly localized relaxation modes.
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Relaxation modes

The response to thermal or mechanical stress reveals two distinct relaxation
processes: a- (or structural) and - (or Johari-Goldstein [1.85]). The key differences
between a- and - relaxations lie in their activation energies, temperature ranges,
and the scale of atomic movement. The relaxation processes in BMGs have distinct
effects on the material's structure, leading to the introduction of two significant
terms: chemical short-range ordering (CSRO) and topological short-range ordering
(TSRO) [1.86]. CSRO is a reversible phenomenon associated with alterations in the
chemical environment surrounding the atoms. By contrast, TSRO is an irreversible
phenomenon linked to changes in interatomic distances and the compaction of the

glass structure.

a-relaxation is a high-temperature process characterized by the cooperative
movement of a group of atoms, affecting both the CSRO and TSRO. It requires a
relatively high activation energy, and it mainly occurs at elevated temperatures,
often above Ty, in the supercooled liquid region. During a-relaxation, extensive
atomic rearrangements involving larger atomic clusters lead to significant structural
changes within the material.

By contrast, B-relaxation occurs at lower temperatures. It involves the movement
of fewer atoms and demands less activation energy. B-Relaxation leads to more
localized atomic rearrangements within the amorphous structure, and it typically

occurs below Tj.
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Notably, the activation energy for -relaxation, denoted as Ep, is directly associated

with Ty (i.e., a-relaxation) according to the following equation [1.87]:

Eg = 26(+2)RT,, (11

where R is the gas constant. The resulting energy would be expressed in kJ/mol,

and can be converted to eV considering 1 eV = 96.48 %

Additionally, as previously detailed by Yu et al. [1.88], the activation energy for
shear transformation, Esry, is determined using the CSM [1.59], and is equivalent
to Eg. In detail, Yu et al. [88] provide an estimation in a range of 100-200 kJ/mol.
Therefore, considering that B-relaxation occurs in the less tightly bonded regions
[1.89,1.90], these relationships underscore the influence of BMG's chemical
composition and topological arrangements, including parameters like volume
fraction of the free-volume [1.91], on the ease with which relaxation can be initiated.
However, research on the fundamental physical dynamics of B-relaxation is still
ongoing. B-relaxation is commonly characterized by a string-like motion of
particles, where atoms jump to positions previously occupied by other atoms [1.92].
In the study of an AlooSmio alloy through molecular dynamics (MD) simulations,
Sun et al. found evidence of this string-like motion, noting a preference for atoms
to jump to positions occupied by their nearest or secondary neighbors [1.93]. The
representation of these strings in MD simulations has been reported as loops or
chains. The evolution of string-like motion is contingent on the adopted model for

metallic glass. Recently, there has been a shift from the classical model of isolated
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instabilities, such as free-volume-rich regions embedded in a more stable structure,
to a model that envisions deformation occurring in a nested fractal percolation
network of stable and unstable regions [1.94]. In a significant development, Zhou
et al. conducted MD simulations and established a connection between B-relaxation,
string-like motion, and shear transformation. Their findings report that atoms
participating in B-relaxation dynamics are also engaged in plastic deformation
[1.95]. Still, development of a comprehensive model is yet to be realized due to
technical limitations. The experimental detection of both a-relaxation and -
relaxation has been achieved through dynamic mechanical analysis, an
experimental technique which measures mechanical properties with temperature or
frequency variations. As shown in Fig. 1.9 [1.96], relaxation modes, indicative of

molecular re-arrangements, correspond certain peaks in the collected data.
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Figure 1.9 Example of relaxation modes detected through dynamic mechanical

analysis, adapted from [1.96]. The mechanical properties are investigated as
function of temperature or frequency variations. Relaxation modes, indicative of

molecular re-arrangements, correspond certain peaks in the collected data
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Further relaxation modes corresponding to highly localized atomic displacements
have been reported. At lower temperatures (0.45 Tg) and activation energies, the
fast B-relaxation occurs, as observed by Wang et al. [1.97]. This specific relaxation
process is significantly localized within the unstable regions, as illustrated in the
schematics in Fig. 1.10(a). In the figure, the mobile atoms are depicted in red, while
the relatively stable ones are shown in blue. This visual representation effectively
highlights the distinctions between fast P’-relaxation, slow B-relaxation (Fig.
1.10(b)), and a-relaxation (Fig. 1.10(c)), with increasing thermal activation.

Furthermore, an additional relaxation mode has been identified, taking place at
lower temperatures (0.2-0.3 Tg) [1.96]. This mode is highly localized and
irreversible, characterized by significant enthalpy storage, leading to alterations in
both CSRO and TSRO. This relaxation mode has been referred to as y-relaxation,

named for its similarities to the dynamics observed in polymeric materials.
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Figure 1.10 Schematic representation of relaxation dynamics with respect to thermal

activation [1.97]. Mobile atoms are depicted in red, while stable atoms are shown
in blue. As thermal activation increases, a higher number of atoms participate in

deformation: (a) fast B, (b) slow B, and (c) a-relaxations.
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1.3. Objective of this research

BMGs are a captivating class of advanced materials holding vast potential for
innovative structural applications. With their unique mechanical properties and
intriguing deformation dynamics, BMGs offer a valuable opportunity to explore the
complex relationship between nanomechanical characterization and relaxation

mechanisms in condensed matter physics.

The central aim of this thesis is to elucidate the fundamental physical dynamics that
underlie both the initial and subsequent stages of deformation in BMGs, in relation
to their amorphous microstructure and consequent heterogeneous mechanical

properties.

This research is primarily concerned with clarifying the distinctive imprints left by
elementary deformation processes on nanomechanical characterization outcomes.
These outcomes encompass both the raw data and computed mechanical properties
and are examined in relation to distinct structural configurations, specifically the
volume fraction of free-volume and variable environmental temperature conditions.
The methodology involves the employment of non-destructive nanomechanical
characterization techniques, such as nanoindentation testing, incorporation of
innovative approaches for configuring experimental parameters, collection of

extensive datasets, and implementation of a statistical framework for data analysis.
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In this thesis, the research methodology is detailed in Chapter 2, followed by the
presentation of an elastic deformation behavior uncovered through nanoindentation
testing in Chapter 3. Chapter 4 delves into the influence of different structural states
on this revealed phenomenon. Finally, Chapter 5 investigates deformation dynamics
under elevated temperature conditions, providing comparisons among different

structural states. Chapter 6 presents the conclusions drawn from this research.

The driving force behind this research is the relentless pursuit of comprehending
the mechanisms that trigger inelastic deformation in metallic glasses, with the goal
of deciphering the key factors necessary to comprehend and master the inherent
disorder of these materials. While this work marks a significant stride in the field,
it is essential to acknowledge that numerous challenges and opportunities await the

scientific community.
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2. Experimental

2.1. Nanomechanical characterization

2.1.1. Nanoindentation test

Indentation tests allow a time and cost-effective, non-destructive mechanical
characterization of a wide range of materials. From assessing properties at the
mesoscale, with macro and micro indentation testing, it is at the nanoscale that this
testing technique reveals its full potential. In fact, since its introduction and early
development in the 1970’s [2.1-2.4], nanoindentation has garnered increasing
interest in the scientific community, as reported by the increasing number of

publications per year shown by a continuous line in Fig. 2.1.
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Figure 2.1 Number of publications per year, until 2022, extracted from the Scopus
repository [2.5] based on keyword searches for "nanoindentation" (continuous line),
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"python programming" (dotted line), and "metallic glass" (dashed line).

Nanoindentation probes small volumes enabling the assessment of both local
mechanical properties and the investigation of underlying deformation processes.
The testing technique is standardized by ISO 14577 [2.6-2.8]. A nanoindentation
machine includes three main components: an indenter, a precision stage and a load-
measuring system. The most commonly used indenter tip is the Berkovich type,
shaped like a three-sided pyramid with each face making a 65.3-degree angle with

the adjacent face, as shown in Fig.2.2.

(b)
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Figure 2.2 (a) High-magnification scanning electron microscopy image of a

Berkovich indenter tip. (b) Schematic of indenter geometry. A is the projected

contact area, 0 is the face angle, and h, is the contact depth. [2.9]

During testing, the tip is pressed into the material’s surface according to a controlled
load function, allowing for both depth and load measurements. However carefully
manufactured, the indenter tip is not perfectly sharp [2.9], and the pyramid vertex
can be approximated with a sphere. The initial contact of the indenter to the

sample’s surface is modeled according to contact mechanics.
38



Hertz contact theory

In the 15" century, Leonardo Da Vinci’s observations of friction and contact
between different materials laid the groundwork for early understanding of contact
mechanics. The field continued to receive outstanding contributions and a pivotal
moment was reached in the 19" century: Heinrich Hertz formulated the elastic
contact theory [2.10,2.11]. It describes how two elastic spheres deform upon contact
and it remains a cornerstone of the field.

Indeed, it is also the theoretical foundation of the nanoindentation test. The theory
was subsequently implemented by Boussinesq to study the contact between two
linearly elastic isotropic solids [2.12]. Then, Sneddon furtherly extended it to derive
the load P versus displacement % curve for a rigid cone indenter, first, and then for
an arbitrary shaped indenter [2.13,2.14].

Theoretically, the indenter tip is regarded as a sphere and the sample is

approximated as an elastic half-space, as shown in Fig. 2.3 [2.15].
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Figure 2.3 Schematics of indentation test with the indenter considered a rigid sphere

Elastic half space

and the sample as an elastic half-space. [2.15]

The initial contact of the indenter causes a circular imprint on the sample and,
according to Hertz’s theory, the radius a of said mark is related to the applied load
P, indenter tip radius R, and the sample’s reduced modulus E,, and it can be

calculated as:

3 _ 3PR

5 (2.1

As the initial contact between the indenter tip and the sample is typically elastic,

the mean contact pressure Py, caused by the applied load in absence of any plastic

effect, is expressed as

P, =—, (22

or equivalently, by substituting Eq. 2.1 in Eq. 2.2
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4 F
=== (23

m= 3 g R’

In eq. 2.3, P, is usually referred to as indentation stress and the % ratio represents

the indentation strain. As shown in Fig. 2.4, their relationship is linear, in the labeled
stage 1: it corresponds to purely elastic deformation behavior, and it is fundamental
in nanoindentation testing to identify the onset of anelastic deformation. In fact,
with increasing load, corresponding to stage 2 in Fig. 2.4, the experimental data
deviate from the Hertz curve indicating the occurrence of plasticity. Regardless of
the indentation strain, the curve in Fig. 2.4 will eventually reach a saturation point,
at stage 3. Here, the plastic zone underneath the indenter is fully developed and

further parameters useful to assess mechanical properties can be determined.
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Figure 2.4 (a) Indentation strain versus indentation stress plot. (b) Schematic of

plastic zone evolution. [2.9]
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Hardness and Young’s modulus estimation

Once a fully-developed plastic zone is achieved, a permanent mark is left on the
samples surface. At the beginning of its employment in mechanical characterization
protocols, an ex-situ observation of the resulting imprint was fundamental to assess
mechanical properties. In 1990s, Oliver and Pharr developed a technique to
determine the hardness and elastic modulus from indentation data, without
recurring to any ex-situ optical microscopy observations [2.16]. In their approach,

the unloading curve is approximated by a power-law relationship

P=V(h-hy)" , (24

including the applied load, indentation depth and three constants, namely V, hs, n.

A schematic of loading and unloading nanoindentation curves is shown in Fig. 2.5

[2.17].
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Figure 2.5 Schematic of loading and wunloading curves resulting from

nanoindentation test. Displayed parameters are: Puax, peak load; Amax, indenter
displacement at peak load; Ay residual depth after testing; S, initial unloading
stiffness; /., contact depth. [2.17]

Evaluating eq. 2.4 derivative at the peak load and displacement, the contact depth
h. is determined and mechanical properties are calculated as follows.

The hardness H, intended as the resistance of a material to plastic deformation, is
determined as the ratio between the maximum applied load P, and the contact

area A.:
H = fmex (2.5

Ac

The ideal Berkovich tip imprints an area equal to
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A.(h,) =24.5h> . (2.6

The general equation for the contact area, as related to the contact depth, is

A.(h,) = Coh2 + Cih, + C,hY? + C3h P + Coh M + - + CghMB (27

with C, to Cg are constants that approximate the indenter tip shape and its deviation
from a theoretically perfect Berkovich pyramid. The coefficients are determined
experimentally performing multiple tests at varying peak loads on a standard
sample, such as fused silica.

The contact depth h. can be determined form the P-4 plot, as shown in Fig. 2.5,

nanoindentation data as

where € is a geometric constant associated the conical indenter and S is assessed
from the unloading segment in the P-4 plot as the ratio between the rate of change
of the load over the rate of change of the displacement, as shown in Fig. 2.5. The
latter can be expressed in terms of the reduced modulus and the contact area, as

follows
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Hence, the reduced modulus is determined from the P-4 unloading segment as

E, =25 (2.10

Furthermore, E- is related to the Young’s modulus and Poisson’s ratio of both the

specimen (E, V) and the indenter tip (E;, V;) , as follows

(2.11

P/h-h plot: visualization of strength changes

Nanoindentation testing also allows a straightforward assessment of any change in
strength during the loading stage. In fact, as reported by Sekido et al. in their
nanoindentation study on high-manganese shape memory alloys [2.18], changing
the visualization layout from the load-over-displacement P-4 (Fig. 2.6(a)) to P/h-h
(Fig. 2.6(b)) permits to clearly highlight any strength change, corresponding to

slope changes in said original plot.
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Figure 2.6 (a) P-h nanoindentation plot, the inset shows the Hertz curve with a

dashed line. (b) Loading segment plotted in the P/h-h layout, different slopes
correspond to strength changes. [2.18]

In fact, the theoretical load P; associated to any plastic or elastic deformation can

be expressed as a function of displacement as [2.16]

P, = agh?, (2.12

where a, depends on the elastic constant and hardness of the material [2.18] and it
corresponds to the slope of the P/h-h plot. However, experimental results are
influenced by the truncation of the indenter tip and the stiffness of the machine

frame [2.19]. Hence, the load measured during experiments P is given as

P = agh® + a,h, (2.13
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Equation 2.13) can be rearranged as

%:a0h+a1, (2.14

with a; as the intercept on the y-axis of the P/h-h plot and it is a constant associated
to the shape of the indenter tip and the stiffness of the load frame [2.18]. On a further
note, the displacement h is composed of an elastic and a plastic component, which
correspond to an elastic and plastic contribution in the estimation of a,. However,
the plastic component is predominant in the determination of the material’s strength.

Hence a relationship between a, and hardness H can be established as

H== « ay=— (2.15

Suggesting that the slope of the P/h-h plot represents the material’s strength, for a
given deformation mechanism. Indeed, further studies have reported that the slope
change in the P/h-h layout is directly associated with a change in the operating
deformation mode during plastic deformation. Hence, the change in the slope of the
P/h-h curve is the most accessible tool to visualize any deformation mode transition
and easily estimate its critical load.

He et al. [2.20] used the P/h-h layout to investigate the martensitic transformation
in single grains of a retained austenite in medium-Mn transformation-induced
plasticity (TRIP) steel. Similarly, Man et al. [2.21] assessed deformation stages in

different-sized austenite grains retained in high-carbon quenched-tempered steel by
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analyzing the change in the curve slope. The P/h-h plot has been successfully
adopted to investigate the TRIP effect in duplex steels [2.22], low-carbon steels
[2.23], and copper-zirconium shape memory alloys [2.24].

Briefly, in the analysis of the nanoindentation loading segment, the P/h-h plot is a
powerful and unique tool for identifying different stages of plastic deformation with
related deformation modes and is considered a state-of-the-art approach in the

nanomechanical characterization of metallic materials [2.25].

Elevated temperature testing

Owing to the advancements in thermal management techniques, nanoindentation
confirms its uniqueness and wide employability as it allows to perform experiments
at elevated-temperatures, mimicking real-world conditions encountered in extreme
applications, such as aerospace and energy sectors.

Forerunner contributions to elevated-temperature nanoindentation testing were
made in the 1990s [2.26,2.27]. Poisl et al. [2.26] tested amorphous selenium
samples at temperatures up to 34°C, acting on the control of room temperature
conditions. Suzuki and Ohmura [2.27] pioneered elevated-temperature indentation
measurements, achieving temperatures up to 600°C, testing silicon samples. The
most recent review of the state-of-the-art in elevated-temperature nanoindentation
testing systems was conducted in 2015 by Wheeler et al. [2.28]. As shown in Fig.
2.7, since 2000, there has been a notable surge in interest in the field with the

number of published papers and the achieved maximum temperature increasing
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each year.
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Figure 2.7 Maximum published indentation temperatures for various system

configurations and Publications per year and maximum temperature for various

nanoindentation systems configurations [2.28].

At the time of Wheeler at al.’s review, commercially available systems could
guarantee stable indentation at temperatures up to 800°C, with thermal drift levels
similar to those observed at room temperature. In 2017, a bond coat on a Ni-based
superalloy was subjected to nanoindentation testing at 1000°C by equipping a
commercial machine with a customized vacuum chamber [2.29]. Conducting
experiments in a vacuum atmosphere allowed for the reduction of any influence of
oxidative processes on the indenter and sample. The vacuum environment naturally
facilitated the transition to in-situ nanoindentation in a scanning electron
microscope and high-throughput testing. In 2020, in-situ nanoindentation was

performed at 1100°C [2.30]. More recently, advancements in the field led to the
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conceptualization of a platform for high-throughput testing that fully integrates
specimen fabrication, site-specific annealing, material characterization, and

mechanical testing [2.31].

2.1.2. Application to bulk metallic glasses

Scientific interest in BMG has surged since their initial discovery, reaching a peak
in the number of publications in 2009, as shown in Fig. 2.1, and this enduring
enthusiasm is underscored by a sustained annual publication rate. Conducting
nanoindentation tests to investigate BMG offers the distinct advantage of repeatable
and localized characterization, particularly valuable in elucidating the relationship
between their intricate microstructure and resulting mechanical properties. Indeed,
due to the ability of probing small volumes and elucidating underlying deformation
dynamics, nanoindentation is particularly apt to explore the complexity of BMG’s
responses to applied loads [2.32,2.33].

Furthermore, elevated-temperature testing yields valuable insights into the intricate
deformation mechanisms governing BMGs with respect to the operating
temperature and can be exploited to investigate peculiar temperature ranges, as the

super-cooled region.
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Serrated and non-serrated flow

When indenting BMG, a closer observation of the loading segment reveals valuable
insights into their plastic deformation behavior. In fact, the typical P—h curve
exhibits a purely elastic segment, which is in agreement with the Hertzian equation,
followed by a serrated flow [2.34-2.38]. Overall, in the loading segment, the
serrated flow manifests as a series of abrupt, step-like stress drops during

deformation, as shown in Fig. 2.8.
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Figure 2.8 P-h plot of nanoindentation loading segment with different degrees of

serrated flow, depending on the loading rate [2.39].

The serrated flow can resemble a series of “pop-in” events, often observed in

crystalline materials [2.40]. Nevertheless, the typical serration of BMG samples
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may be a different phenomenon with similar graphical outcomes in the
nanoindentation plots. In conventional crystalline materials, the initial pop-in event
during loading can be theoretically modeled by considering homo- or
heterogeneous dislocation nucleation at a critical stress threshold [2.41]. In contrast,
in BMG, defining a specific defect responsible for plastic deformation is
challenging, and the exact mechanism of initiation remains unclear.
Phenomenologically, pop-in events in crystalline materials often manifest as
significant occurrences within large displacement bursts, particularly during the
initial event. However, in BMGs, serrations exhibit varying displacement
magnitudes and frequencies. Nanoindentation studies have revealed that higher
loading rates tend to suppress serration phenomena [2.39,2.42-2.44], whereas
lower loading rates enhance pronounced events in Zr- [2.43], Pd- [2.39,2.42], and
Ti-based [2.44] BMG.

Schuh and Nieh [2.39] demonstrated via nanoindentation that the serration
corresponds to the formation of a shear band. The same finding was reported by
Mukhopadhyay et al. [2.45] and was confirmed using atomic force microscopy.
Furthermore, to gain insights into the factors driving serrations, Bian et al. [2.46]
conducted a statistical analysis of strain burst sizes obtained from nanoindentation-
induced transformations in five BMG. They analyzed the cumulative distribution
of all serration sizes in the loading segment and fitted them to an empirical function
[2.47] comprising a power-law and an exponential component. In softer samples
like Zr-based BMG, the smallest events followed a power-law distribution, while
larger events exhibited a more pronounced exponential regime. Sun et al. [2.48]

employed this cumulative distribution, predicted by the empirical function, to study
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serration stress drops in a Zr-based BMG under uniaxial compression testing within
a single experiment. More recently, Chu et al. [2.49] systematically investigated
serration stress drops in various BMGs using nanoindentation and evaluated their
cumulative distribution using the empirical function. They reported that the fitting
parameter in the exponential term decreased with an increase in the estimated

volume of shear transformation zones.
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First serration event

In addition to studying the broader characteristics of serrated flow, researchers have
also directed their attention towards analyzing the first serration. In fact, previous
nanoindentation investigations on the incipient plastic flow in BMG have linked the
initiation of plasticity to the occurrence of the first serration. This determination
was made by analyzing deviations of experimental data from Hertzian curves
representing elastic contact in P-4 plots, as depicted in Fig. 2.8. Notably, the first
serration also exhibits an unpredictable nature and a peculiar location-dependency,

as suggested by the critical load reported for each test in Fig. 2.9 inset.
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Figure 2.9 Loading segment of a representative P-4 curve, depicted in blue, with the

corresponding Hertz curve in red [2.50]. The inset reports the critical load for

serration at each test, suggesting a relevant location-dependency of the phenomenon.
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Indeed, while the pop-in phenomenon in crystalline samples is linked to a specific
critical load, in the case of BMG, the initial serration event has been observed to
occur within a range of load values rather than a fixed point [2.50-2.53]. Previous
nanoindentation studies have revealed that the onset of the first serration event in
BMGs displays stochastic characteristics, lacking a discernible correlation with the
measurement sequence [2.50,2.53-2.55]. Research has concentrated on
comprehending the factors influencing pop-in initiation in BMG. Limbach et al.
[2.46] examined the impact of alloying Al with a CuZr BMG and found that higher
Al content leads to elevated critical loads and a reduced frequency of serrations.

Yet, the inherent unpredictability of pop-in events in BMGs remains to be fully
unraveled, necessitating not only nanoindentation experiments but also numerical

methodologies and statistical investigations.

A statistical approach has been employed to examine the influence of
nanoindentation testing parameters on the critical load range associated with
serrations. Choi et al. [2.52] noted an increase in pop-in load as the tip radius
decreased. Nag et al. [2.56], in a recent extensive statistical analysis, investigated
the effects of tip radius and loading rate, concluding that a larger radius and higher
loading rate contribute to a bimodal critical load distribution. This bimodality may
be attributed to the activation of distinct stress trajectories associated with varying
energy barriers for shear band nucleation [2.56]. Perepezko et al. [2.54] and Gao
and Perepezko [2.55] have also reported the multimodal distribution of pop-in
triggering loads in BMGs, linking it to microstructure heterogeneities and

differences in atomic mobility.
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Overall, the statistical analysis of nanoindentation data proves to be a powerful
means of delineating the development and attributes of serrated flow. Nevertheless,

the underlying mechanisms remain areas of continual research and discussion.

2.2.  Data analysis

2.2.1. Python programming for an efficient computational analysis

Python [2.57] programming has emerged as an essential instrument for data analysis,
as demonstrated by the trend, represented by a dotted curve in fig.1, displaying the
annual publication count resulting from keyword search for "python programming"
in the Scopus repository [2.5]. Beyond its open-source nature, offering cost-free
accessibility, Python's versatility spans a wide spectrum of applications,
encompassing statistical tasks and extending into the realm of advanced machine
learning techniques.

Indeed, in the context of nanoindentation experiments on BMG, Python proves to
be an indispensable tool for efficient data analysis, especially when utilizing
libraries such as NumPy [2.58], SciPy [2.59], Pandas [2.60], Matplotlib [2.61], and
Seaborn [2.62]. NumPy provides essential functions for numerical operations and
seamless array handling, while SciPy offers specialized functions for scientific
computing. Pandas excels in data manipulation, enabling analysts to work

seamlessly with structured databases. Matplotlib and Seaborn facilitate data
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visualization, making it easier to communicate findings.

One key advantage of Python in data analysis is its ability to manage large datasets
swiftly and accurately. Libraries are optimized for performance and can handle
sizable datasets with ease. Additionally, Python's automation capabilities
significantly reduce human error in data analysis. Analysts can develop and
implement algorithms that automate repetitive tasks and apply them across various
sets of experimental measurements, ensuring consistency and reliability in results.
This not only saves time but also enhances the reproducibility of analyses.

In the examination of nanoindentation data derived from BMG testing, Python
facilitates the analysis of extensive datasets with reliability and efficiency. Once
procedures are established, automated plotting and computations expedite the
visualization of P-4 plots and the transition to a P/h-h format. This capability allows
to promptly identify recurring patterns and refine search algorithms for serrations,

as shown in the subsequent chapter.
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2.2.2. Image processing for visualizing differences in surfaces

Image processing techniques play a pivotal role in visualizing differences between
images with precision and clarity. One fundamental method is image subtraction. It
involves pixel-wise subtraction of one image from another, highlighting variations
and emphasizing contrasting elements. Figure 10 demonstrates this approach using
the flags of Japan and Italy. The initial image depicts the superimposition of both
flags, followed by the subtraction of the Italian flag image to reveal the Japanese
flag. An open-source software package to perform image processing tasks is

ImagelJ-Fiji [2.63].

Figure 2.10 Example of image subtraction using the flags of Japan and Italy.

By simplifying complex image data into clear visual representations of differences,
image subtraction aids in rapid and accurate analysis, providing critical insights for
decision-making in various applications, including medical diagnosis [2.64,2.65]
and industrial inspection [2.66,2.67]. Applied to nanoindentation on BMG, image
subtraction enables the straightforward visualization of any surface alterations

between surfaces before and after a test.
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3. Detection of pre-serration plasticity through

nanoindentation testing

3.1. Introduction

Utilizing instrumented nanoindentation testing allows for the nanomechanical
assessment of BMG, investigating localized reactions to applied loads and
unveiling underlying deformation processes [3.1,3.2]. Indeed, in BMG, the P-h
curve initially adheres to pure elasticity, in accordance with the Hertzian equation
[3.3], then it transitions into a serrated flow [3.4-3.8], resembling the pop-in in
crystalline materials. As discussed in the [Introduction chapter, while in
conventional crystalline materials, the first pop-in event is typically modeled based
on homo- or heterogeneous dislocation nucleation at theoretical critical stresses
[3.9], in BMG, the first pop-in represents an extended shear event, conceivably
preceded by microplastic or anelastic processes, with the underlying mechanism
remaining elusive. This underscores the need for a comprehensive exploration of
the local pre-yield response. Prompted by the absence of prior investigations on the
existence of a precursor phenomenon to incipient plasticity, we raise an inquiry into
whether the first serration diverges from the onset of plastic flow and corresponds
to a distinct deformation mechanism. The initial deformation mechanisms within a
Zr-based BMG are explored through nanoindentation testing. The data obtained
from nanoindentation were analyzed in the P/4 versus 4 layout, to identify the
incipient plasticity events and elucidate unstable deformation modes associated

with the first serration.
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3.2. Materials and methods

3.2.1. Sample preparation

The investigated BMG was produced using arc-melting and tilt-casting techniques
to form rods with a diameter of 10 mm. Subsequently, it underwent a 3-hour
annealing process at 659 K, which is 40 degrees lower than the glass transition
temperature (Tg = 693 K). The detailed procedure has been outlined in prior
research [3.10,3.11]. A 2 mm thick disk was then obtained from the rod and
subjected to mechanical polishing, involving sandpaper (up to #4000 grit size) and
diamond suspension (particle size up to 1 um). To eliminate the surface defects
arising from mechanical polishing, a sol-gel Al2O3 suspension with a particle size
of 0.05 um was applied. The final polishing resulted in a surface roughness RMS

of 1 nm.

3.2.2. Nanoindentation testing and data analysis

Nanoindentation experiments were conducted employing a Hysitron Triboindenter
TI950 (Bruker Co., Minneapolis, MN, USA), equipped with a Berkovich indenter.
To capture the indent mark's configuration on the sample surface post-testing, an
AFM was integrated into the indentation apparatus. The experiments were executed
under load control conditions, with a peak load set at 300 uN, a loading rate of 10

uN/s, and data acquisition rate of 300 points/s.
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Test parameters

The experimental parameters employed in this investigation were carefully selected
to facilitate the study of the initial serration phenomenon. Notably, the peak load
utilized in this study was lower compared to previous research where loads on the
order of tens of millinewtons were applied [3.1,3.11-3.14]. Additionally, the use of
a Berkovich indenter, opposed to a spherical indenter as employed in prior studies
[3.14-3.17], offered advantages owing to its ability to probe a smaller volume and
induce a dimensionally smaller strain field, resulting in higher stress concentration.
A spacing of 3 um between test locations was maintained to prevent any interaction
between induced strain fields. In order to ensure statistical significance, a total of

130 tests were conducted [3.18].

Unstable deformation detection: P/h-h plot

To analyze the mechanical behavior, the loading segments are depicted in the P/h—
h layout. In terms of applied load P and displacement 4, an elastoplastic

deformation with a conical or pyramidal indenter, is given as [3.19,3.20]

%: a0h+a1, (3.1
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where ao is a coefficient and it represents to hardness, easily estimated from the
slope of the P/h—h plot [3.19-3.21].

The data in the P/h—h plot were analyzed using the following algorithm
implemented in Python programming language [3.22,3.23]. To identify the first
serration, the signal was discretized in windows W of 0.05 s. The vertical distance

AY between subsequent points is calculated as:

w=() -,

and averaged over AY in the number of data points & within each window as
—~— 1
AYy = Nz’,}’ﬂAYk_l . (33

The method is applied along the displacement values recorded during loading and
when Eq. 3.3 generates a negative value, the center of the window 1is set as the
starting point of the serration. Similarly, the serration ends when a positive value is

detected.
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3.3. Results and discussion

3.3.1. Enhanced visualization of unstable deformation modes in

nanoindentation test using the P/h-h layout

Figure 3.1(a) depicts the typical P-4 plot, with the inset exhibiting the AFM image
of an indentation mark. The sample exhibited an average hardness H = 4.39+0.30
GPa and a reduced modulus Er =92.8+5.3 GPa, as estimated employing the Oliver-
Pharr method [3.24]. Although there was a faint indication of serration, denoted by
a black arrow, it was not distinctly visible in the loading segments. Consequently,
the loading curve was replotted in the P/h—h layout, presented in Fig. 3.1(b). In
Figure Fig. 3.1(b), the segment with a negative slope corresponds to the serration,
as determined through Eq. 3.3, and is similarly marked with a black arrow,
showcasing that the event becomes more discernible in the P/A—h plot.

(a) (b) 107
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Figure 3.1 (a) A representative P-h curve acquired for the ZrsoCus0Alio BMG, with

a peak load of 300 uN and a load rate of 10 uN/s. The first serration is indicated by
a black arrow. The inset displays the AFM image of the resulting indentation mark.
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(b) The P/h-h curve, derived from Figure 3.1a, is presented. The utilization of a P/h-
h plot enhances the identification of unstable phenomena, where serrations are

discernible by their negative slope.

3.3.2. Analysis of pre-serration plasticity occurrence

To investigate whether the segment before the first serration represents a purely
elastic deformation, Fig. 3.2(a) shows typical experimental data fitted with the

Hertz contact model, as follows:

% = gEr\/Rh , (34

where R is the radius of the indenter tip. Examples of the Hertz curve are obtained
by substituting Er, calculated from the unloading curve for each test [3.24], and
varying R value from 200 nm to 800 nm in 100-nm increments. The curves are
marked by red lines in Fig. 3.2(a) P/h—h plot. Since the serration is considered as a
representative signature of plastic deformation, it is expected that the Hertz curve
would fit the data preceding the occurrence of the first serration. Subsequently,
regression fitting of the experimental data to Eq. 3.4 was performed, utilizing a
fitting segment length equal to the minimum depth at which the first serration
occurs, which was at 5 nm in our experimental analysis. As a result, the estimated
indenter tip radius was 681 + 134 nm.

The significant standard deviation observed can be ascribed to the inherent
uncertainty linked to the estimation of the indenter tip radius, particularly in relation
to the fixed fitting segment length and the location-dependent surface irregularities
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of the sample. In the following analysis, the reference tip radius is equal to 681 nm.
A correlation factor of 0.966 + 0.014 arises from the fitting of experimental data to
the Hertz curve obtained with R = 681 nm. To investigate whether the deviation
from the Hertz curve corresponds to anelastic deformation, indentation tests were
performed with a peak load lower than the minimum load detected at point 4. Two
typical cases, with and without anelastic deformation, are represented in the P-A
plot in Fig. 3.2(b). The black plot exhibits nearly perfect overlapping of the loading
and unloading segments, indicating a purely elastic deformation. Conversely, the
green plot exhibits a significant hysteresis, representing anelastic deformation. To
further support these observations, the surface has been inspected through AFM
imaging before and after testing. Figures 3.2(c) and d represent the surface
conditions, respectively, before and after the test depicted in black. To ascertain any
differences in the surface configurations arising from the applied load, Fig. 3.2(e)
shows the image obtained by subtraction Fig. 3.2(d) from Fig. 3.2(c): no indent
mark is detectable. In contrast, the same approach applied to the test depicted in
green results in Figs. 3.2(f) and 3.2(g). Figure 3.2(h) is the image obtained from the
subtraction. It confirms the occurrence of anelastic deformation by showing a clear
indentation mark, indicated by a dotted triangle. Significantly, the two tests were
conducted using identical testing parameters but at distinct locations on the sample
surface. These findings indicate that the point of deviation from the Hertz curve can
vary depending on the local configurations. Within the load range where point HZ
is observed, the estimated tip contact radius falls within the range of 70—80 nm.
This is consistent with earlier research that suggests an elastic decorrelation length

in Zr-based BMG in the order of 100 nm [3.25]. Moreover, this outcome
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underscores the existence of pre-pop-in anelastic events in the loading curve,

definitely occurring prior to the serration.
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Figure 3.2 (a) A representative P/h-h curve is depicted in blue. Overlaid in red are

various Hertz curves computed using Eq. 3.4 and distinct indenter tip radius values.
The tip radius, determined through linear regression fitting, is estimated to be 681
nm. Notably, deviation from the Hertz curve is observed prior to the onset of the
first serration, suggesting that plastic deformation may commence before serration.
(b) P-h plots for two tests, represented in black and green, both conducted at a peak
load of 50 uN. AFM images (c) and (f) captured before the tests. AFM images (d)
and (g) obtained after the tests. () Image subtraction aids in confirming the test
depicted in black, exhibits a fully elastic response without any discernible
indentation mark. (h) Conversely, a visible indentation mark is evident for the test
depicted in green, affirming that anelastic deformation can occur in the absence of

a serration.
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3.3.3. Definition of pre-serration plasticity key points on the

nanoindentation P/h-h plot

The characteristic parameters for each event are presented in Fig. 3.3. In this figure,
a representative loading segment in the P/h-h layout is denoted by a blue mark,
while the Hertz curve is depicted as a solid red line. The point at which the
experimental data deviates from the Hertz curve is identified as point HZ and is
demarcated by a vertical black dotted line corresponding to the penetration depth.
Point A, signaling the initiation of the serration, is designated by a solid black line,
while its termination, point B, is indicated by a gray dashed line. The horizontal
span between point A and point B quantifies the size of the 4B event, which is
illustrated by a double arrow.

The occurrence of point HZ hints at the existence of a precursor phenomenon to
incipient plasticity occurring prior to the serration at point A. This noteworthy
finding can be attributed to the improved discernibility of unstable phenomena in
the P/h-h plot, as previously discussed. Nevertheless, a comprehensive exploration
of the deformation mechanisms linked to the region between points HZ and A
cannot be unequivocally conducted. The relaxation, while detected, remains elusive
to direct observation through microscopy or other experimental techniques.
Employing statistical methods, in the following paragraph the nature of events

occurring at points HZ and 4 is discussed.
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Figure 3.3 Comprehensive delineation of key parameters. A detailed view of the

P/h-h loading curves is presented, alongside the Hertz curve represented by a
continuous red line. The point at which a deviation from the Hertz fitting curve
occurs is defined as "point HZ" and it is demarcated by a black dotted line. "Point
A" and "Point B", which respectively represent the beginning and end of the first
serration, are illustrated by continuous and dot-dashed black lines. The "AB event"

size is defined as the horizontal span between these two pivotal points.
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3.3.4. Analysis of key-points parameters distribution: physical origin

of underlying deformation mechanisms

In Fig. 3.4(a), the primary graph illustrates the load and displacement data
associated with the point HZ, while the adjacent histograms display the probability
distributions of each respective variable along their respective axes. The histograms
for both parameters exhibit a distribution pattern resembling a Gaussian distribution.
Additionally, Fig. 3.4(a) depicts the Hertz curve represented by a red line, which
was constructed by fitting the Er parameter with a fixed R value of 681 nm. Each
data point is obtained from one test and every data point aligns with the curve,
signifying that point HZ corresponds to the initial point of plastic deformation. It is
noteworthy that the fitted Er value stands at 88.6 GPa, nearly coinciding with the
independently obtained value through unloading analysis. These findings validate
the accuracy of our detection methodology of plasticity initiation event in our
experiments, despite the simplification applied in estimating the indenter tip radius.
Furthermore, the wide range of loads reported for point HZ would be expected in
small scale nanoindentation performed on metallic glasses due to their structural
heterogeneity. Our approach does not encompass a comprehensive physical model
for point HZ events. Nevertheless, it reveals the existence of a precursor
phenomenon preceding the onset of plastic deformation in the nanoindentation plot.
Figure 3.4(b) shows the plot for point A, with the same layout adopted in Fig. 3.4(a).
The main plot shows higher P corresponding to higher h: the trend is almost the
same as point HZ in Fig. 3.4(a). However, the data were relatively scattered

compared with those in Fig. 3.4(a), presumably due to the stochastic behavior of
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plasticity after point HZ and the rate-dependent onset of serrations, as previously
reported in bulk testing [3.26].

The clustering of data points can be attributed to the indenter encountering similar
microstructural and deformation-rate conditions. The load histogram, on the side of
Fig. 3.4(b), displayed a distribution that resembles a Gaussian curve with subtle
multimodality, akin to Fig. 3.4(a). This observation is consistent with the results of
a statistical analysis conducted by Nag et al. [3.18] on the strength data associated
with the initial serration, acquired through spherical nanoindentation. Their study
indicated that the presence of a small indenter tip radius and low loading rates
results in weak multimodality.

Figure 3.4(c) presents a distribution plot illustrating the relationship between the
load at point A and the size of event AB. In this plot, the data points appear scattered
without any discernible pattern or trend, implying that the size of event AB is not
influenced by the load at point A. The side histograms depicting the size of event
AB do not exhibit a distinct Gaussian pattern. These findings strongly indicate that
the physical mechanisms governing points HZ and A are distinct from those
governing event AB.

In order to elucidate the potential underlying physical mechanisms at points HZ and
A, the complementary cumulative distribution function (CCDF) is employed. The
CCDF represents the probability that a random variable is greater than a specified
value. It is complementary to the cumulative distribution function (CDF), showing
the tail probabilities of a distribution. Mathematically, CCDF (x) = 1 — CDF (x),
where CDF (x) is the probability that the random variable is less than or equal to x.

In the physics of unstable phenomena, the CCDF is employed to analyze the
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occurrence of extreme events because it accentuates tail probabilities. Delving into
the investigation of stochastic phenomena or those characterized by an unclear
underlying nature, CCDF provides insights into rare and impactful events. This
methodology proves especially beneficial in unraveling the statistical properties of
extreme behaviors within intricate and unpredictable systems.

The CCDFs of the load at points HZ and A are in shown Fig. 3.4(d).

It is observed that all data points closely adhere to a Gaussian distribution, as
indicated by the gray line. This observation strongly suggests that both events may
correspond to thermally activated processes. In detail, thermally activated processes
exhibit an Arrhenius-like behavior, with the rate of the process k related to the
activation energy of the process E, through an exponential term, as represented by
k o< e~Ea, The associated distribution of a thermally activated process is of the
Boltzmann type, characterized by an exponential nature. However, due to the
substantial amount of data in this study—specifically, 130 data points—it is feasible
to apply the central limit theorem. This theorem states that for a sufficiently large
sample size, larger than 30 data points, the distribution of the sample mean will
approximate a normal distribution, regardless of the shape of the population
distribution. Hence, our distribution can be compared to a Gaussian type and the
thermal activated process can be discussed.

It is worth noting that a conceivable deformation mechanism for point HZ could
involve localized structural transformations driven by thermal activation, as
previously elucidated in a molecular dynamics study [3.27].

The occurrence of pre-yielding plastic behavior has previously been observed in

uniaxial elastostatic compression tests and associated with a shift in the local energy
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state, characterized by the creation of free volume [3.28,3.29]. Similarly, during the
initial stages of deformation, the applied stress could potentially trigger a localized
rearrangement of atoms, resulting in an irreversible modification of local bonding
energies. This, in turn, leads to a more relaxed microstructure that is predisposed to
engage in shear transformations. These dynamics would become visually apparent
on the P/h—h plot as the separation of incipient plasticity and the first serration,

represented by points HZ and A, respectively.
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Figure 3.4(a) Load versus depth, distribution plot at point HZ. Each point in the

main plot represents one test. Hertz curve, marked in red, is computed using Eq. 3.4
with R=681 nm and fitting parameter Er. Side histograms show probability
distributions of corresponding axis parameters. (b) Load versus depth distribution
plot at point A, for each test. (c) Distribution of the load at point A versus the size
at event AB, for each test. The main plot shows scattered points, suggesting that the
event size is not related to the activation load. (d) Complementary cumulative
distribution for load at point HZ and A.
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3.4. Conclusion

In summary, an assessment of the incipient plastic deformation behavior in an
annealed sample of ZrsoCus0Alio at% BMG was conducted using nanoindentation
testing and an analytical framework based on the P/A—h plot to clearly visualize any

unstable deformation mode during loading. It yielded the following findings:

1. Adistinct anelastic deformation is observed at point HZ prior to the occurrence
of the first serration at point A, which is conventionally considered the
initiation of plasticity. This unequivocally indicates the presence of a precursor
phenomenon to incipient plasticity preceding the first serration in BMG.

2. The analysis of the CCDF of the load detected at points A and HZ suggests that

both events are thermally activated.
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4. Comparative analysis of samples with varied
structural state: pre-serration plasticity is

unrelated to bulk microstructure

4.1. Introduction

In the previous chapter, a Zr-based BMG sample was investigated employing
nanoindentation P/h-h plots and statistical analysis. A pre-serration anelastic
deformation, corresponding to the deviation of the data from the Hertz curve for
elastic contact and occurring at the denoted point HZ was detected. This
phenomenon was identified as a thermally activated process, followed by a
similarly thermally activated serration.

Considering BMG's unique microstructure, it is natural to question whether and to
what extent the pre-serration anelastic event is impacted by varying structural
conditions.

In this chapter, the influence of the bulk microstructure on the early stages of
anelastic deformation is explored, probing pre-serration processes and first
serration in Zr-based metallic glass under different structural states, via
nanoindentation.

Employing experimental, theoretical, and statistical analysis, this chapter unveils
potential physical mechanisms governing early stages of deformation and

elucidates the influence of the bulk configuration on incipient anelastic dynamics.
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4.2 Materials and methods

Two samples, as-cast and as-relaxed, of ZrsoCusoAlio at% BMG were investigated.
The alloy was produced by arc-melting and tilt-casting in the form of rods with a
diameter of 10 mm [4.1,4.2]. The as-relaxed state was obtained from the as-cast rod
by annealing for 3 h at 659 K, which is 40 K below the glass transition temperature,
Ty = 693 K. Prior to deformation, the as-relaxed sample is presumed to display a
denser microstructure, characterized by a reduced volume fraction of unstable
regions, owing to the energy input during the annealing treatment, resulting in the
formation of stronger bonds. Experimental evidence for the increase in the atomic
packing density after sub-Ty annealing was provided by Pan et al. [4.3] and
confirmed in ZrsoCus0Alio at% BMG as-cast and annealed samples by X-ray
diffraction analysis [4.4].

Mechanical polishing and nanoindentation testing are performed as described in
Chapter 3. To ensure statistical significance, 130 tests were performed on each
sample [4.5].

Nanoindentation tests were analyzed on the P/h-h plot, as described in Chapter 3

[4.6] and complemented by statistical and numerical analyses [4.7—4.9].
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4.3 Results and discussion

4.3.1. Nanoindentation test curves visualization on both P-4 and P/h-

h plot

Figure 4.1(a) shows the typical P—h plots of the two samples, with the curve
corresponding to the as-relaxed sample being shifted horizontally to ease
visualization. The data obtained from the as-cast and as-relaxed samples are shown
in yellow and blue, respectively. This color coding will be consistently used in this
work. A typical image of an indentation mark, obtained using an atomic force
microscope embedded in the nanoindentation machine, is shown in the inset of Fig.
4.1(a). As estimated using the Oliver—Pharr method [4.10], the as-cast and as-
relaxed samples exhibited an average hardness H of 4.21+0.36 GPa and 4.39+0.30
GPa, respectively, and a reduced modulus E7 of 86.5£5.6 GPa and 92.8+5.3 GPa,
respectively. Serrations were slightly observable in both loading segments; hence,
to detect them more clearly, the loading segments were replotted in the P/k-h layout
in Fig. 4.1(b). Notably, the as-relaxed curve was shifted vertically for easier

visualization.
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Figure 4.1 (a) Representative load—displacement P-4 curve for the ZrsoCusoAlio

bulk metallic glass as-cast (yellow) and as-relaxed (blue) samples. Serration is
indicated by black arrows. A resulting indentation mark is shown in the inset. (b)

P/h-h curves obtained from Fig. 4.1(a): serrations exhibit a negative slope.

4.3.2. Comparative analysis of key parameters distribution

The characteristic deformation parameters are defined as in the previous chapter:
point HZ represents the deviation of the experimental data from the Hertz curve,
while point A and point B indicate the onset and completion, respectively, of the
serration, while the AB event size is the horizontal distance between points A and B.
The main plots in Fig. 4.2(a) show the load, Prz, and displacement values
corresponding to point HZ, whereas the side histograms show the probability

distribution of each variable on the axis. The Hertz curves for the two samples are

calculated with the equation
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by fitting parameter Er with a fixed R value of 681 nm and are indicated by red
lines. Since every point lies on the curve, it confirms that point HZ represents the
initial point of plasticity as pre-serration deformation [4.8]. Notably, the fitted Er
values for the as-cast and as-relaxed samples were 83.6 GPa and 89.7 GPa,
respectively, which are almost coincident with the values obtained independently
using the unloading analysis. The side histograms show a Gaussian-like distribution
and an almost identical average and deviation, in both samples.

Figure 4.2(b) depicts a plot for point A, akin to Fig. 4.2(a). The primary plot reveals
a positive correlation between higher P values and greater /, echoing the pattern
observed in the point HZ distribution of Fig. 4.2(a). However, in comparison to Fig.
4.2(a), the data exhibit relatively increased dispersion. This variance might stem
from the stochastic nature of plasticity following point HZ. The side histograms in
Fig. 4.2(b) display the distribution of P, reminiscent of a Gaussian-like curve,
similar to that featured in Fig. 4.2(a). Furthermore, they show a remarkable
difference in the average value that is higher for the as-relaxed sample.

Figure 4.2(c) illustrates the distribution plot of P at point A, P4, relative to the
magnitude of 4B event. In this representation, data points exhibit a scattered pattern,
devoid of any discernible trend. This observation implies the independence of AB
event's size from P4. The accompanying histograms for AB's size parameter do not
exhibit a distinct Gaussian profile. These outcomes collectively suggest a distinct

physical basis for points HZ and A in comparison to AB event, in both samples.
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Figure 4.2 Distribution plots for as-cast (yellow) and as-relaxed (blue) samples. (a)

Distribution of depth versus load at point HZ. Side histogram plots show probability
distributions. Hertz curves are displayed in red. (b) Distribution of depth versus
load at point A. (c) Distribution of the size at event AB versus the load at point A4:

the serration size is not related to the activation load.

To ascertain the underlying nature of these phenomena, a complementary
cumulative distribution function (CCDF) is presented in Fig. 4.3. Specifically, Figs.
4.3(a) and (b) showcase the CCDF of Pz and Py, respectively. Figure 4.3(c) shows
the CCDF of the 4B event size: due to the limited data range, spanning from 0.6 to
2.5 nm, a further analysis of the distribution would not be significant, and it is not
performed. Across Figs. 4.3(a) and (b), all data points manifest a Gaussian-like
distribution. This alignment reinforces the findings described in Figs. 4.2(a) and (b),
supporting the notion that these events potentially stem from thermally activated
processes. This observation aligns with the work of Tonnies et al. [4.11], who
reported the triggering dynamics of the first serration to be influenced by thermal

fluctuations.
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Figure 4.3 Log-log plots of complementary cumulative distribution functions for as-

cast (yellow) and as-relaxed (blue) samples at (a) point HZ, (b) point A and (c) AB

event size.

4.3.3. Incipient plasticity activation and STZ volumes estimation

Hence, based on the stress-biased thermal activation model for indentation-induced

deformation [4.8,4.9], the activation volumes involved in the deformation processes

at point HZ and point A are evaluated. The maximum shear stress underneath the

indenter is estimated based on the Hertz contact theory [4.11], which is given as,

=10.18 (%)2/3 p.s,

where P. denotes Puz or P4. The cumulative distribution of events f* with respect to

the maximum shear stress values is given as [4.8],
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where v* is the activation volume, kT is the thermal energy, y, is the frequency
attempts, and AF* is the Helmholtz activation energy. The Helmholtz activation
energy is the energy barrier for nucleation in the absence of external stimuli. In our
experimental setting, the stress rate is almost constant because the loading rate is
constant. The cumulative distribution is calculated through data sorting approach in
Python. The experimental data are sorted in ascending order in an array of length

N, equal to total number of data points. Then, the definition of cumulative

distribution CDF is applied as CDF(X < x) = f = Cou+(xsx) . The resulting plot

is displayed in Fig. 4.4(a), where the results of point HZ are plotted with a triangular
marker and those of point A with a circular marker.

To estimate the activation volume, Eq. 4.2 is rewritten as,

— 1= (A kT v
In[In(1 - f) ]—{kT+1n [v*(dr/dt)]}-l-kTT' (44

Excluding the tails of distributions, the data in Fig. 4.4(a) are replotted in Fig. 4.4(b)
according to Eq. 4.4. The activation volumes for the events at points HZ and A are
determined from the slopes of the plots, utilizing linear regression fitting. The slope

values are displayed in Fig. 4.4(b) and calculated v* are listed in Table 4.1.
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Figure 4.4 (a) Cumulative distribution of maximum shear stress underneath the

indenter at both point HZ (triangular marker) and point A (circular marker) for both
as-cast (AC; yellow) and as-relaxed (AR; blue) samples. (b) Activation volume

estimation at points HZ and A.

Based on the CSM, the explicit formulation of the STZ volume 2 with respect to

the activation volume is given as [4.9],

where C and ¢ are the constants equal to 1/4 and 3, respectively; G, = Er/2(1 + v)
is the shear modulus at T = 0 K'; T and 7 are the threshold shear strengths at
temperatures T and 0 K, respectively; and y. = t/G is the critical shear strain at
yielding. Previous studies have demonstrated that the shear modulus does not affect
the estimation of the STZ volume to a major extent and exhibits a weak temperature

dependence [4.9,4.13]. By integrating Poisson’s ratio v as 0.36 for both samples
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[4.14], the Gy values obtained for the as-cast and as-relaxed samples are 32.0 GPa
and 34.2 GPa, respectively. Parameters y,, 7, and 7, are calculated using the scaling

law proposed by Johnson and Samwer [4.7]. The obtained () are listed in Table 4.1.

An approximation of the number of atoms, N, involved in the STZ is obtained by
considering the microstructure of the sample as a random arrangement of densely

packed hard spheres with an average atomic radius given as,

1
Tapg = (Z?Airi3)3a (4.6

where A; and r; are the atomic fraction and radius, respectively, of each alloying
element. The calculated average atomic radius is 0.137 nm, considering the values
for the covalent atomic radius listed in literature [4.15]. The values of N are listed
in Table 4.1. The calculated v*, Q and N are consistent, according to the order of
magnitude, with results reported in previous studies on Zr-based BMG

[(4.2,4.9,4.13,4.14,4.16].

Table 4.1 Estimated values of the activation volume v*, STZ volume £, and number of

atoms in STZ N at points HZ and A in as-cast and as relaxed samples

As-cast As-relaxed
HZ A HZ A
v* [nm3] 0.023 0.030 0.022 0.039
Q [nm3] 0.517 0.662 0.486 0.859
N [atom] 48 61 45 79
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4.3.4. Discussion on potential deformation mechanisms

Different behaviors were observed between the as-cast and as-relaxed samples. The
average Pa is higher for the as-relaxed sample than that for the as-cast sample, as
shown in Figs. 4.2(b) and 4.3(b). In addition, the size of the AB event shifts to a
higher range in the distribution, as shown in Fig. 4.3(c). This behavior is

presumably due to the differences in the atomistic configuration.

At point HZ, the same values are found for both the critical load Pnz and the
activation volume in the as-cast and as-relaxed samples. This finding suggests that
the atomic re-arrangement at point HZ of pre-serration deformation may correspond
to a highly localized process, occurring in the unstable region. Furthermore, given
that both samples are composed of the same alloying elements, the enthalpy of
formation associated with the weakest interatomic bond is identical in both samples,
as is the potential energy barrier associated with their configuration [4.17]. The
absence of differences in point HZ events, both in their physical nature and scale,
suggests that the different degrees of microstructure heterogeneity of the bulk

samples do not affect the incipient plastic deformation mechanics.

At point A, the critical load Pa of the as-cast sample is lower than that of the as-
relaxed sample. Choi et al. [4.16] and Tao et al. [4.4] reported that the as-cast Zr-
based BMG samples, as well as the sub-Tg annealed samples, exhibited a similar
occurrence of smaller critical loads and STZ sizes at the first pop-in. Tao et al.

recently confirmed their findings using nanoindentation creep and strain rate
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sensitivity methods [4.18,4.19]. In this work, in line with previous studies, the
aforementioned occurrence is explained based on the different structural
configurations between the samples. Considering the as-cast sample, the volume
fraction of easily movable atoms is higher, hence said atoms are in close proximity
to each other, and a smaller applied stress is required to trigger the cooperative
shearing phenomenon. From an energetic standpoint, the as-cast microstructure is
more unstable overall; hence, the energy quota required to reach the serration

energy barrier is smaller.

Regarding the size of the 4B event, longer serrations detected in the as-relaxed
sample might be due to the larger distance to which the strain is accommodated in
the more uniform microstructure and the slower energy dissipation rate over

smoother PEL transition states.
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Figure 4.5(a) shows the schematic illustrations of the maximum shear stress
distribution and Figs. 4.5(b)- (e) show a qualitative representation of the atomic

arrangements at points HZ, A, B and during AB event.

(_ weakly bonded region ) Strongly bonded region @) Activated WBR () Activated SBR () Incipient shear band
WBR SBR

(a)

Shear stress [GPa]
0- -1 Incipient

. ]' lasticity

Distance below the surtace |nm)|

Point H AB event Point B

Figure 4.5 Schematic representation of potential deformation mechanism. Atoms

depicted in yellow correspond to the unstable WBR, while the atoms depicted in
violet represent the more stable SBR. (a) Shear stress distribution underneath the
indenter. The stress range to trigger incipient plasticity at point HZ is plotted in
green, whereas the stress range required for the first serration at point A is plotted
in yellow. The intersection of the plots and the stress ranges determines the
activation zone of WBR. (b) Re-arrangement atomic cluster within a WBR at point
HZ. (c) At point A, the stress state increases and satisfies the required energy
required to trigger the first serration: multiple clusters are activated in WBR. (d) In
the 4B event, atoms from the SBR are dragged in motion. (e) At point B, an early-
stage SB may have formed.

The shear stress distribution 7 was plotted considering the spherical indentation

contact in an elastic half-space, as [4.12]:

r=srela+y)(1-Zan1S) =]l 7
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where z is the vertical distance below the surface of the sample and a is the contact
radius. The green and yellow bands qualitatively show the stress ranges that can
potentially trigger atomic re-arrangements at points HZ and A, respectively. As the
events at points HZ and point A followed a Gaussian-like distribution, as shown in
Fig. 4.3, the colored bands are drawn in a gradation that qualitatively represents the
distribution function. During loading, the curve of the indentation-applied stress
distribution from Eq. 4.7 continuously changes in its shape, such as from a dotted
line to a solid line in Fig. 4.5(a), owing to the increase in 7,,,, and a. The
overlapped region of the applied stress and colored bands, which is indicated by the
single curly bracket, is the most probable activation zone for pre-serration and

serration events.

Figures 4.5(b)—(e) depict atomistic rearrangements corresponding to the evolving
stress state under the indenter during loading. The amorphous microstructure is
simplified into two primary regions: the more unstable, weakly bonded region
(WBR) and the more stable, strongly bonded region (SBR). It is important to note
that in reality, the microstructure features a more intricate configuration with
localized changes and varying enthalpy gradients. The use of a sharp distinction
here simplifies the presentation of the proposed deformation mechanisms. For
reference, the atomic radii and mixing enthalpy between the alloying elements are

provided in Fig. 4.6 [4.15,4.20,4.21].
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Figure 4.6 Atomic radii and mixing enthalpy between zirconium, copper and

aluminum.

In Fig. 4.5, as the applied load increases, so does the volume affected by stress.
When the local shear stress reaches the green band range, as shown by the dotted
line in Fig. 4.5(a)-(b), the local atomistic structure in the WBR is locally re-arranged.
This is the potential deformation mechanism at point HZ.

After point HZ, the activation of atomic clusters continues as the frontier of the
maximum shear stress underneath the indenter increases with increasing indentation
load.

At point A, the load condition reaches a certain saddle point in the energy landscape
to trigger the concurrent activation of atoms at multiple unstable locations, as shown

in Fig. 4.5(c).
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The AB event, once triggered, appears to encompass distinct phenomena from the
point HZ event, as supported by the CCDF plot in Fig. 4.3(c). In this case,
deformation is no longer confined to a localized area but involves various
interconnected unstable regions, suggesting an avalanche-like nature. This process
is illustrated in Fig. 4.5(d), where the activated WBR can influence nearby atoms
(depicted in orange) through cooperative re-arrangement, facilitated by a broader
distribution of local stress, as indicated by the intersection of the solid line with the
yellow band in Fig. 4.5(a). The AB event represents a dynamic state of unstable
mechanical equilibrium, potentially corresponding to B-relaxation [4.22].

After the serration, at point B, a SB might have formed as result of the cooperative

shearing, as shown in Fig. 4.5(e).

Point HZ further insights: vortex-like motion

Although additional experimental evidence is required, this section explores
potential detailed mechanisms underlying the observed point HZ events.

At point HZ, atomic re-arrangement might involve clusters of atoms engaged in a
vortex-like motion, as reported by molecular dynamics (MD) simulations
[4.23,4.24]. Prior to the studies on BMGs, vortex motion has been commonly
reported in shear banding mechanisms in disordered materials, such as granular
media [4.25]. Sopu et al. [4.26] investigated the relationship between the vortex

motion and STZ in a CuZr alloy via MD simulations. They concluded that vortex
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motion is fundamental in the shear banding process because it mediates the
activation of subsequent STZs. Figure 4.7 shows an example of vortex motion
reported in MD simulations. Figure 4.7(a) indicates the vortex motion with red
displacement vectors and Fig. 4.7(b) reports the corresponding rotation angles,
color coded [4.26]. A schematic representation of the relationship between the

vortices and STZ is given in Fig. 4.7(c) [4.24].

— o

Vortex

STZ

Displacement

Figure 4.7 Vortex motion reported in MD simulations. (a) Displacement vectors and

(b) corresponding rotation angles [4.24]. (c) Schematics for vortex-mediated STZ
formation and propagation [4.26].

Similarly, MD simulations of tensile deformation in PdSi alloys performed by
Moitzi et al. [4.23] highlighted the relevance of vortex-like atomic re-arrangement
together with the change in bonding distances to accommodate the applied strain.
Moreover, they reported that the vortex size that triggers incipient plasticity
phenomena, such as STZ activation, is approximately equal to 50 atoms [4.23]. In
this study, the estimated number of atoms involved in the STZ at point HZ for both
samples (Table 4.1) is consistent with previous findings. For this reason, it is

suggested that the thermally activated atomic re-arrangement occurring at point HZ
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may include a vortex-like motion. However, there are technical limitations
preventing the determination of the number of atoms and the size of unstable
regions. For this reason, the proposed incipient plastic deformation mechanism
relies on atomic motion starting from the unstable regions, as currently accepted in
the field [4.27,4.28]. Overall, it is here suggested that anelastic deformation at point
HZ may occur through atomic rearrangement, leading to the activation of STZ. With
reference to the deformation mechanism proposed by Wang et al. [4.22] in their
study on an La-based BMG via dynamic mechanical analysis, point HZ events
would correspond to the fast B’ relaxation and atomic rearrangement within unstable
regions. Another possibility is the point HZ event corresponds to a y-relaxation. To
elucidate this point, further experimental activity, specifically designed, would be

required in the future.

AB event further insights: cavitation in amorphous solids

Similarly to previous section, potential detailed mechanisms underlying the 4B
event are discussed.

During the serration, different phenomena might co-exist with mechanical
relaxation [4.29]. Indeed, in recent years, void nucleation processes in both brittle
and ductile BMGs have attracted considerable interest from the scientific
community, and particular efforts have been made to investigate their association

with shear bands. Void nucleation is referred to as cavitation. In a MD simulation
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of a Zr-based MG [4.30], the cavitation process was found to follow the classic
nucleation theory and the PEL theory [4.17,4.31]. The rate of cavitation was
theorized to be proportional to the energy barrier through an exponential function
[4.30]. Furthermore, Yang et al. [4.32] investigated the crack growth in an MG
under indentation stress using molecular dynamics simulations and reported that
the load—displacement curve is sensitive to crack propagation, whereas crack
formation has no graphical counterpart on the plot; they showed that the starting
point of crack propagation is followed by a segment with a negative slope in the
P/h versus h layout. This is comparable to the experimental curves with point A
followed by the AB event shown in Chapter 3, Fig. 3.3. Furthermore, in the study
of a uniaxially compressed Zr-based MG [4.33], micron-scale cavitation has been
observed along the SB. In addition, nanovoids were successfully observed in
transmission electron microscopy Fourier-filtered high-resolution images within
shear bands [4.34]. In this framework, the first serration can be regarded as a
mechanical relaxation event as well as an early-stage void nucleation phenomenon
within the formation of SBs. The existence of a crossover from a three-dimensional
stochastic atomic motion in the STZ to a two-dimensional motion in nano-SBs has
been revealed by the statistical analysis of creep experiments on a Pd-based BMG
[4.35]. Hence, the resulting microstructure at point B at the end of the serration

might exhibit an early-stage SB and eventual sub/nanovoids.
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4.4 .Conclusion

In brief, a comparative analysis on the early stage of deformation in as-cast and as-
relaxed ZrsoCusoAlio at% BMG was conducted through nanoindentation testing.
Employing the validated P/h-h layout, any unstable deformation mode during

loading was clearly visualized and it yielded the following findings:

1. The critical stress value at point HZ as pre-serration anelastic deformation
remains consistent in both samples, indicating that the event represents a local
behavior occurring in regions characterized by the same energy state, and it is not
subject to the influence of the overall microstructure.

2. The critical load at point A of the as-cast sample is lower than that of the
as-relaxed sample. This difference could be attributed to the higher volume fraction
of unstable regions in the as-cast sample, resulting in a smaller applied stress
required to trigger the serration.

3. The size of the AB event detected in the as-relaxed sample exhibits a
greater magnitude compared to the as-cast sample, potentially arising from a
distinct energy dissipation rate related to the microstructural characteristics on a

larger scale.
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5. Insights on mechanical behavior from
nanoindentation testing at elevated

temperatures

5.1.  Introduction

Recently, Ghodki et al. [5.1] employed high-temperature nanoindentation to study
the bulk deformation behavior of a Zr-based BMG and discussed it based on the
shear transformation zone concept. In their study, testing was conducted below the
T, and featured indentation marks in the range of tens of micrometers. However, it
has been demonstrated that studying the effects of more localized deformation,
resulting in indentation marks on the scale of hundreds of nanometers, can aid in
identifying elemental deformation dynamics [5.2]. Additionally, expanding the
temperature range of investigation to include temperatures above 7, would serve
the same purpose. The high-temperature deformation of Zr-based BMG was studied
through compression testing by Bletry et al. [5.3]. The deformation behavior was
interpreted in terms of the free-volume model, which attributed plasticity to the
cooperative motion of a group of a few tens of atoms. Although it is widely accepted
that deformation in BMGs involves the reorganization of CSRO and TSRO, the
underlying dynamics and process variability concerning the testing environment
temperature and structural state of the original samples remain unclear.

In this chapter, nanoindentation tests at elevated-temperature are performed on a
Zr-based BMG in two distinct structural states. A wide range of testing temperatures,

from room temperature to the crystallization temperature, including 7, is covered.
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5.2.  Materials and methods

5.2.1. Samples with different structural state

Two samples of ZrsoCusoAlio at.% BMG were used in the as-cast and as-relaxed
structural states. The BMG was produced in the form of rods with a diameter of 10
mm by arc melting and tilt casting, as elaborately described in previous studies
[5.4,5.5]. The as-cast sample was annealed for 3 h at 40 K below the 7, = 693 K to
obtain the as-relaxed sample. Disks with a thickness of 2 mm were obtained from
the rod. The disk samples were mechanically polished using sandpaper and
diamond suspension with a particle size of up to 1 um. Finally, a sol-gel Al,O3
suspension with a particle size of 0.05 pm was used to remove the damaged surface
layer resulting from mechanical polishing. The surface roughness (RMS) was 1 nm

after final polishing.

5.2.2. Elevated temperature nanoindentation test setting

The nanoindentation was conducted using a prototype high-temperature
experimental setting in inert atmosphere. Details of the device are described
elsewhere [5.6]. A schematic diagram of the machine is shown in Fig. 1a. A high-
temperature-stage nanoindentation testing setup (Bruker Co.) was used, which was

placed in a vacuum chamber on a vibration isolation stage (Minus K Technology
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Inc.). The vacuum chamber was equipped with gas inlets that allowed for the
control and introduction of gases, along with an external cooling system. Prior to
heating, the vacuum chamber undergoes cyclic evacuation to a pressure of 1.33 mPa
(10" Torr) and is subsequently backfilled with a mixture of 98% argon gas and 2%
H> to minimize the oxygen levels. In the experimental setup, the sample was
positioned between two independently controlled heaters with heating applied
simultaneously from the top and bottom. The dual heating configuration ensures
uniform temperature distribution within the sample, with a slow heating rate
(>10 °C/min). The indenter tip was positioned 100 pm above the sample surface
and passively heated. Both the tip and sample were maintained at the testing
temperature for 1 h before the measurements began to improve the thermal stability.
Tests were performed in the load control mode with a peak load of 300 uN and a
symmetrical loading and unloading rate of 10 uN/s and holding time of 10 s at the
peak load. The distance between the test locations was 5 um to ensure no interaction
between the induced strain fields. For statistical significance, 125 tests were
performed at each temperature, resulting in 750 tests in total on one sample [5.7].
Nanoindentation tests were performed with a sharp Berkovich tip (R~290 nm) at
25,100, 200, 300, 400, and 500 °C. The collected data were analyzed using Python
[5.8,5.9].

X-ray diffraction (XRD; Rigaku MiniFlex 600) with Cu Ka radiation and
differential scanning calorimetry (DSC) are performed on samples, after they have
been exposed at each temperature condition.

- ongoing measurements, preliminary results are shown for XRD.
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Figure 5.1 Schematic of high-temperature nanoindentation testing in an inert-

atmosphere machine [6].
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5.3.  Results and discussion

5.3.1. Overview of nanoindentation curves

Fig. 5.2 illustrates load P versus displacement /4 plots, with each curve representing
an average of 125 tests. The curves of as-relaxed sample were shifted horizontally
to enhance the clarity of visualization. The inset in the upper-left corner shows the
definitions of /ioad and /nold parameters corresponding to the indentation depths
recorded at the end of the loading and holding segments, respectively. In both
samples, /ioad and /ol increased with temperature, peaking at 400 °C (red curves)

and showing a decreased value at 500 °C (blue curves).

300 ' '
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—— 100°C 300°C —— 500°C = — As-Relaxed

Figure 5.2 Load versus displacement plot of averaged nanoindentation curves for

as-cast (continuous line) and as-relaxed samples (dashed line). Tests are performed
at 25, 100, 200, 300, 400, and 500°C. As-relaxed sample curves are horizontally
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shifted. The inset shows the definition of 4i0ad and Anoid parameters as the indentation

depth recorded at the end of loading and holding segments, respectively.

5.3.2. Hardness values with varying temperature

Fig. 5.3 shows the hardness values of the as-cast and as-relaxed samples at different
testing temperatures. Compared to previous studies, the hardness values obtained
were higher, which might be due to the sharp tip or strain-rate sensitivity at low
peak loads [5.10] . The light-blue hatched area indicates the temperature range of
200 °C to 400 °C where softening is observed. It is noted that this area is included
inthe 0.6 7, (~415 K) to 7, temperature range, previously reported as possible range
for homogeneous flow [5.11]. The overall trend of hardness confirms the
observations made for the averaged curves in Fig. 5.3, i.e., the mean values of
hardness exhibited a decreasing trend, reaching a minimum at 400 °C, near 7y ,
followed by higher values at 500 °C. At 25 °C, the wider standard deviation can be
attributed to the microstructural heterogeneity associated with different degrees of
atomic mobility. Conversely, at 500 °C, the increased hardness value, compared to
400 °C, could be attributed to microstructural changes occurring within the
supercooled region, encompassing the temperature range between 7, and 7x. The
supercooled region is characteristic of each alloy and typically spans the
temperature range of 40 K-90 K [5.12]. Considering the 7, of the present alloy as
693 K, it can be reasonably assumed that the 7, may fall within the range of 733 K

(460 °C) to 783 K (510 °C). This estimate is consistent with previous experimental
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evaluations of alloys with the same composition, with 7, = 706 K and 7 = 792 K
[5.13-5.15]. Hence, crystallization processes might affect the hardness values
measured at 500 °C.

Overall, the as-relaxed sample exhibited a higher hardness than its as-cast
counterpart, which can be attributed to the increased energetic stability of the

microstructure and the lower volume fraction of free-volume within the sample.
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Figure 5.3 Estimated hardness for as-cast and as-relaxed samples at different testing

temperatures

5.3.3. Estimation of activation energy for softening

The softening observed at temperatures below the 7, can be attributed to a
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deformation process activated upon reaching a certain activation energy threshold.
Figure 5.4 shows the estimation of the activation energy for softening using the

method adopted by Wesseling et al. [5.16]:

H™ «< exp(Q/RT) (5.1

Due to the slow loading rate employed in the nanoindentation testing and the
temperature range falling within the theoretical range for homogeneous flow [5.11]
and since homogenous flow is regarded as a Newtonian flow in metallic glasses
(n=1), the parameter n is assumed to be equal to 1, and the activation energy
coincides with the slope of the dashed lines in Fig. 5.4.

The estimated activation energies of the as-cast and as-relaxed samples were 126
and 128 kJ/mol, respectively. These results suggest that the initial structural state
does not influence deformation dynamics at elevated temperatures. Since the
elemental physics for softening is not established, the obtained values were
compared with an estimate of the activation energy for B-relaxation, obtained as
Eg = 26(£2)RT, , where R is the gas constant [5.17]. Hence, in the case of the
studied alloy, E falls within the range of 138—161 kJ/mol. Although the value was
slightly lower, the estimated activation energies for softening were comparable to
the potential range of activation energies for B-relaxation. Generally, B-relaxation
is regarded as a local atomic rearrangement achieved through short-range diffusion
[5.18]. However, Gao et al. [5.19] recently questioned the local nature of -
relaxation dynamics and explored this phenomenon in various BMGs. They

emphasized that B-relaxation corresponds to the percolation of mobile atomic
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clusters and revealed a universal activation volume, expressed as a percentage of
activated atoms. Considering both interpretations, it is reasonable to expect that the
structural states of a sample do not influence the energy barrier of such dynamics.
For the same alloy composition, the distinction between the as-cast and as-relaxed
states lies in their CSRO and TSRO, implying that the enthalpy barrier for
mobilizing atoms in unstable regions would likely be the same. Eventually, the
weakest atomic arrangements, identified as pentagon configurations in the TSRO

[5.20], would be activated and constitute the mobile clusters.

Qac = 126 kj/mol

1.8+ y

o Qar = 128 kfimol
1.6
1.4+ [0 As-Cast
1.2+ B As-Relaxed

0.0015 0.0020 0.0025  0.0030
T-1 K]

Figure 5.4 Estimation of activation energy for softening.
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5.3.4. Analysis of maximum depth at loading and during holding

segment of nanoindentation test

To further examine the effects of temperature on the deformation processes specific
to the loading and holding stages, the trends of /i and length of the holding
segment, Acreep = Mnold — Hload, are analyzed in Fig. 5.5(a) and 5.5(b), respectively. In
Fig. 5.5(a), the maximum indentation depth at loading increases in both samples
with respect to temperature and exhibits a peak at 400 °C. Similarly, in Fig. 5.5(b),
hereep increases with the temperature until its peak at 400 °C. At 500 °C, both
samples exhibited a lower, comparable value. Notably, the observable trends
exhibited similarities between the samples and the two plots, as shown in Fig. 5.5.
The observed consistent patterns suggested a common dominant deformation
dynamic, possibly identifiable as either a percolation or a diffusion process. Indeed,
the overshadowing of load effects by diffusion processes has also been reported
through creep strain rate sensitivity analysis of a Zr-based BMG tested below its 7
[5.1].

However, Fig. 5.5(a) displays a less smooth distribution compared to Fig. 5.5(b),
which can be attributed to the presence of multiple mechanisms in the loading
process, including displacive ones, acting synergistically during the loading stage
of nanoindentation. As the applied load increases, the volume influenced by the
applied stress also increases, leading to the involvement of more defects and free-
volume regions in the energy dissipation process. Figure 5.5(c) provides a
qualitative schematic of the atomistic structure of as-cast (top) and as-relaxed

(bottom) samples with unstable regions represented in yellow. However, during the
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holding time, the deformation volume is predominantly established, and the

eventual activation and percolation of atomic clusters are facilitated by high-

temperature-induced structural vibrations under a constant applied load.

This rationale is applicable to both samples. However, as shown in Fig. 5.5(a) and

5.5(b), it translates into larger displacements in the as-cast sample, due to its higher

volume fraction of unstable regions, as depicted in Fig. 5.5(c).

The smaller displacements recorded at 500 °C in both samples may be attributed to

the proximity of the testing temperature to the 7, range; the indenter motion may

be hindered by newly formed structures.
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Figure 5.5 Analysis of indentation depths, (@) /i0aqs and (b) Acreep (P=constant), reveal

deformation is favored in the as-cast sample. ¢) qualitative schematics of the

atomistic structure of as-cast (top) and as-relaxed (bottom) samples. Unstable

regions are represented in yellow and they are more abundant in the as-cast sample.
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5.3.5. Creep analysis

To gain an additional understanding of the underlying mechanisms governing
deformation in the holding stage, the evolution of displacement was analyzed with
respect to time, as shown in Fig. 5.6(a). The averaged experimental data replotted
from Fig. 5.2 are indicated by circular and diamond markers for the as-cast and as-
relaxed samples, respectively. The fitting curves were obtained from the following

empirical equation [5.21,5.22]:

h(t) = hy + at + b(t — ty)° (5.2

considering a, b, and c as the fitting parameters, and hy and t, as the origin of the
plot, marked with solid and dashed lines for the as-cast and as-relaxed samples,
respectively. The R? value was higher than 0.97 for all curves except for the tests
performed on the as-relaxed sample at 25 °C (0.929) and 100 °C (0.964). Fig. 5.6(b)
illustrates the estimated fitting parameters for each test (depicted in black) along
with the average values (presented in green). Overall, a steady-state stage with
parameter a for creep was not clearly detectable. This suggests the occurrence of an
unstable deformation behavior in the early stage of deformation under constant
applied load. While the overall deformation and energy dissipation may
demonstrate a clear temperature dependence, as shown in Fig. 5.5(b), the specific
local dynamics underlying these processes might still exhibit less predictable and

less stable behavior at each testing location.
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The fitting parameters exhibited significant variability, primarily attributed to
structural fluctuations within the samples. Specifically, the parameter a governing
the linear term in Eq. 5.2 exhibited values close to zero, as shown in Fig. 5.6(b).
However, the power-law term in Eq. 5.2 becomes linear when the exponent, which
is the fitting parameter c, is approximately unity. This applies to tests conducted at
400 °C, where the estimated fitting parameters show higher and less sparse values,
overall. This phenomenon may be attributed to the proximity of the testing
temperature to 7, leading to increased atomic mobility and potential enhancement

of the diffusive processes.
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Figure 5.6 (a) Creep time versus

;iil‘l
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25 100 200 300 400 500
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displacement plot of representative

nanoindentation averaged holding segments. The as-cast and as-relaxed samples are
represented by circular markers with a continuous fitting line and diamond markers
with a dashed fitting line, respectively. (b) Fitting parameters vs. temperature. The
parameters evaluated for each test are indicated in black, while the mean values are

displayed in green.
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5.3.6. X-ray diffraction results

X-ray diffraction (XRD) results are shown in Fig. 5.7(a) for as-cast and Fig. 5.7(b)

for as-relaxed samples, respectively.
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Figure 5.7 X-ray diffraction measurements for (a) as-cast and (b) as-relaxed samples,

after testing at 25, 100, 200, 300, 400, and 500°C.

In both structural states, the broad peak in the XRD spectrum indicated the

microstructure of the samples tested below 500°C was amorphous after

measurements. The broad peak might be suggestive of a certain preferential short-

range ordering. The samples tested at 500°C exhibit crystalline phases, in both as-

cast and as-relaxed states.
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5.4. Conclusion

In summary, we investigated the deformation behavior of ZrsoCusAlio bulk
metallic glass (7,=420 °C) in a comprehensive temperature range, encompassing
25, 100, 200, 300, 400, and 500°C, via nanoindentation testing in an inert

atmosphere. The following key conclusions were drawn:

1. The estimated hardness decreases with increasing testing temperature and
reaches a minimum in proximity of 7% at 400 °C.

2. The estimated activation energies for softening were nearly identical for
both samples, suggesting that the underlying physical dynamics were not affected
by the initial structural state of the bulk samples.

3. At 500 °C, the hardness value increases compared with that at 400 °C. This
may be attributed to the higher resistance to atomic motion caused by crystallization.
4. hioad and hcreep revealed similar temperature-dependent trends, which
suggest that the same diffusive deformation mechanism may be predominant during
both testing stages.

5. Larger hcreep values were recorded in the as-cast sample due to the higher

volume fraction of unstable regions.
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6. Conclusions

In this thesis, the deformation behavior of bulk metallic glasses is investigated
through nanomechanical characterization, specifically nanoindentation testing,
using a statistical approach. The heterogeneous microstructure is probed at various
locations. For each condition and testing requirement, a minimum of 100 tests is
conducted. The research includes the discussion of statistical distributions and
potential deformation mechanisms.

At first, by utilizing the established P/h-h visualization method for nanoindentation
testing, a comprehensive analysis of the initial stages of deformation in BMGs is
conducted. A distinct precursor event to incipient plasticity, occurring prior to the
first serration, is detected. To validate this discovery, AFM observations are
employed to conduct surface analysis by subtracting images captured before and
after testing. Indeed, in the presence of the pre-serration event, distinctive marks
were evident in the AFM images. Although a statistical analysis indicates that both
the newly observed event and the first serration are thermally activated, it remains
inconclusive whether this newly probed event is linked to an anelastic or purely
plastic deformation. Addressing this question is a potential avenue for future studies.
The revelation of an elemental deformation step directly from the nanoindentation
data has opened doors for subsequent research involving the same bulk metallic
glass in various structural states, specifically the as-cast and annealed conditions.
The pre-serration event was consistently observed in both samples. The overall
microstructure had no influence on the activation stress, signifying that this event

is highly localized. According to established BMG knowledge, these dynamics
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likely originate in the unstable regions, rendering it a plausible candidate for fast 3

or y relaxation mechanisms. Additional investigations are imperative to ascertain

the local temperature change and distinguish this phenomenon among known or
potentially novel mechanisms.

Moreover, the impact of operating temperatures is evaluated. A comprehensive
temperature range, spanning from room temperature to the glass transition and
crystallization temperatures, is utilized for conducting nanoindentation tests on the
samples in the previously introduced structural states. The analysis is centered on
elucidating the processes occurring within the material, leading to the distinctive

softening observed below the glass transition temperature. It is concluded that the

process exhibits a diffusive nature, possibly associated to the B-relaxation. Likewise,

the creep deformation during the holding stage of nanoindentation is examined. In
this scenario, the presence of a distinct steady state is not readily discernible,
suggesting that, for the given testing duration and parameters, the displacive
motions and diffusive flows may not exhibit a definite ordered dynamic.
Nevertheless, a propensity toward a steady state becomes apparent at temperatures
near the glass transition. These experimental findings strongly encourage the
investigation of percolation and avalanche-like diffusive phenomena in BMGs

below the glass transition temperature.
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A. Appendix - Elevated temperature testing

P/h vs h plot analysis of hold segment: slope - Hardness relation

As elevated-temperature testing significantly alters the microstructure of the
samples, the holding stage of nanoindentation testing, which is typically associated
with diffusive deformation mechanisms, is greatly affected and leads to larger
segments with increasing test temperature.

When applying the P/h versus 4 layout to the holding stage, it is anticipated that,
due to the constant applied load, the slope of the plot would signify the material's

resistance to the applied load, commonly referred to as its hardness.

Motivated by this consideration, the following preliminary investigation is outlined.
Figure A.1 shows representative curves for the as-cast sample at the different

temperatures, replotted from Fig. 5.2 in the P/h versus 4 layout.
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Figure A.1 Representative holding segments in the P/h versus 4 layout. Data from
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Fig. 5.2, as-cast sample.

Notably, in a load-controlled measurement setting, the holding segment plotted in
a P/h-h layout will always correspond to a segment with negative slope. The
physical meaning of the negative slope is to be found in the fact that a constant
applied load is divided by an increasing indentation depth. Since only load
controlled experiments are considered for this discussion, a negative slope is the
only possible physical outcome on our planet for any known material. Indeed, with
a constant applied load, a positive slope would imply a decreasing indentation depth,
meaning the material would be pushing the indenter away. For this reason, the
following discussion can be simplified, without lacking generality, by considering

the absolute value of the slope of the holding segment in the P/h-h plot.

For each test, hardness is computed using the equation presented in Chapter 2 (Eq.
2.5). Subsequently, the slope of the resulting segment, as shown in Fig. A.1, is
calculated for each test, by least squares fitting to a first degree polynomial function.
The distribution of these computed values is depicted in the violin plots shown in
Figure A.2. Figure A.2 (a) displays the distribution of hardness values for both the
as-cast and as-relaxed samples, while Figure A.2 (b) illustrates the distribution of
absolute values of the computed slopes. Notably, Figs. A.2(a) and (b) exhibit similar

distributions.
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Figure A.2 Distribution of (a) hardness and (b) absolute value of holding segment

slope in the P/h versus h plot for the as-cast and as-relaxed samples at different

testing temperatures. The distributions exhibit similar shapes, suggesting a

relationship between the hardness and slope of holding segment as computed in the

P/h versus h layout.

The relationship between the hardness and slope of the holding segment in the P/h

versus 4 layout is investigated with respect to temperature, as shown in Fig. A.3(a).

The objective is to elucidate whether an empirical relation could model the hardness

measurement with respect to temperature and slope of the holding segment.
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Figure A.3 (a) Plot of absolute value of slope of the holding segment in the P/h versus A layout with respect to measured hardness values

for as-cast sample, indicated with circular markers, and as-relaxed sample, diamond markers. (b) Detailed view of temperature dependence
for the as-cast sample and (c) as-relaxed sample.
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Figures A.3(b) and (c) help visualizing the data at each testing temperature for as-
cast and as-relaxed samples, respectively. Indeed, a certain trend can be identified
according to the testing temperature, with both samples exhibiting comparable
distribution of the points in the different plots.

The black dashed lines in Fig. A.3(a) represents a power law in the form

y = ax? (A.1

With x corresponding to the absolute value of the slope and y to the hardness. Then,
a and b are coefficients, related to the structural state of the sample and the testing
temperature.

Through linear regression fitting, the coefficients are determined for the as-cast
sample as a = 47.19 and b = 1.27 with a correlation coefficient R? = 0.84 .
Similarly, the as-relaxed sample reports a = 43.54 and b = 1.176 with a

correlation coefficient R? = 0.80.

These initial observations, along with the empirical relationship, indicate that the
P/h versus h layout could have potential applications in analyzing the holding
segment of the nanoindentation test. In fact, the holding segment is commonly
associated with diffusive processes, making it intriguing to explore the link between
the empirical coefficients and temperature-dependent deformation modes.
Furthermore, the P/h-h layout applied to the holding stage could help visualizing
different creep modes, eventually associated to different deformation processes

and/or diffusive rates, in an easier way than the typical depth versus time creep plots.
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In fact, while it is a widespread practice to fit different equations to the depth-time
plot to assess the distinct stages of creep, it might not always be straightforward to
identify to which ranges the fitting can be correctly applied. The proposed method
could serve as a tool to visualize the different stages as associated to clear slope
changes. Whether the method can assess any unstable deformation, as discussed in
Chapter 3 for the loading stage of nanoindentation, is still to be clarified with
further experimental observations and analysis.

Additionally, it would be valuable to extend these preliminary ideas to include
crystalline samples, in order to ascertain whether any of the observed characteristics

are influenced by the microstructure type.
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B. Appendix - Elevated temperature testing

Creep deformation: n - €4V, relation as a function of temperature

Elevated-temperature nanoindentation, particularly during the holding stage,
reveals distinct levels of compliance and diffusive behavior in the samples.
Therefore, a more comprehensive examination of the strain rate and stress evolution
is imperative. The strain rate € and contact stress ¢ are expressed as functions of

the indentation depth, as follows:

. _ o1

= n (B.1
P
O'—TShZ. (B.2

The correlation between € and o is crucial for the study of creep deformation.

Existing literature offers equations to model their behavior during the steady state:

&= Ao", (B.3

The exponent 7 is a fitting parameter that characterizes the type of flow during
deformation. Values where 7 is significantly greater than 1 are indicative of non-

Newtonian flow in BMG.

A practical example of the fitting procedure is illustrated in Fig. B.1, which displays

plots of the averaged holding segments obtained from the as-cast sample in a log-
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log plot. Equation B.3) is applied to the tail of the data to estimate the fitting

parameter n. However, it is important to note that there are no strict guidelines for

determining the range over which the fitting should be applied. In fact, the choice

of the fitting segment can impact the estimation of n, as observed by Li et al. [B.1].
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Figure B.1 Log-log plot of strain rate versus stress values obtained from the averaged

holding segments of the as-cast sample, at each tested temperature.

Using the experimental data presented in Chapter 5, the n parameter is calculated

fitting the last 20% of each curve. Figures B.2 present the values obtained for the

as-cast and as-relaxed samples, respectively: for each test (indicated by the colorful

markers) and the average is given by the black markers.
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Figure B.2 Values for the # fitting parameter obtained for the as-cast and as-relaxed

samples, respectively: for each test (indicated by the colorful markers) and the

average is given by the black markers.

Furthermore, since in metallic glasses deformation relies on STZ, the strain rate and

stress can be related using following equation:

=4, 8% - AT Zovo
E=-v exp( vf)exp( kT)smh(GZkT) (B4

A complete explanation of the equation is provided in literature [B.2]. In this section,

eq. B.4) will be re-written in the form

¢ = Dsinh (c222) (B.5

Where D includes all the terms appearing on the right-side of eq. B.4) before the

hyperbolic sine, k is the Boltzmann constant, 7" the testing temperature in Kelvin

degrees and &4V, is an activation volume expressed as the product between the
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strain of a basic flow unit and its volume.

EoVo
2KT

Considering € and o as variables, D and as fitting parameters, eq. B.5) is
employed to perform a preliminary fitting of each test curve to a hyperbolic sine
function. The estimated activation volume &,V is denoted in Fig. B.3 using colorful

markers corresponding to each test and black markers representing the averages,

for both the as-cast and as-relaxed samples, respectively.
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Figure B.3 Values for the activation volume €¢Vv, obtained for the as-cast and as-

relaxed samples, respectively. Color coding as in Fig. B.2.
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It is reported that the product &,v, is a materials constant. Although in my

understanding, it is possible that, in the low-load nanoindentation test settings, these

features might depend both on location and temperature. I have noticed that the both

n-value (type of flow) and gyv, exhibit a similar trend. I tried to investigate their

eventual correlation, based on the assumption

goVo = &9V (T, position) (B.6

The data shown in Fig. B.4(a) and (b) shows the plot of n versus &3V, for as-cast

and as-relaxed samples, respectively. exhibit a trend and some sparse points. The

sparse points might be due either to local microstructural effects we are not able to

predict yet or to a poor fitting to the hyperbolic sine function. The fitting to the

hyperbolic sine function, in fact, presents some convergence challenges, especially

when the range of the experimental strain rate is limited. The limit of the fitting

procedure, at present, is purely numerical as the shape of the plots is coherent with

the general shape of a hyperbolic sine function. Overall, in BMG the n-parameter

is discussed for values around 1 in the Newtonian flow and values much larger than

1 in non-Newtonian flow. Hence, it would be reasonable to consider a detailed view

of the plot (x axis from 0 to 30), as shown in Figs. B.4(c) and (d).
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Figure B.4 Plot of n versus &3V, for (a) as-cast and (b) as-relaxed samples. Detailed

views, with x-axis range from 0 to 30, are shown respectively in (c) and (d). Color

coding for temperatures as in Fig. B.2.

The solid lines in Fig. B.4 are fitting lines obtained from a first order polynomial

function, such as:

EVg=Mmn. (B.7

The plot suggests that the slope m of the fitting curves is a function of temperature,
and it stabilizes in the super-cooled region and, eventually, beyond. A detailed view
of the fitting line and data for each sample and tested temperature is provided in

Fig. B.5.
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Figure B.5 Detailed view of Fig. B.4 for as-cast and as-relaxed samples at each
testing temperature.
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The value of m is plotted with respect to temperature in Fig. B.6. Both samples

exhibit a similar trend.
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Figure B.6 Slope m of the fitting lines, presented in Figure B.4, plotted with respect

to temperature.

To summarize, the gathered results suggest that during the holding stage of
nanoindentation there might be a relationship between the type of flow and the
activation volume for deformation (Fig. B.5). Furthermore, this relationship might

be a function of temperature (Fig. B.6).

From these observations, a prediction of the slope of the fitting lines in the n-g4v,

plot can be obtained from

T |Tg—T|) n
EoVo = s exp( s ) 10 n. (B.8
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Equation B.8) is an empirical function I am proposing, based on the previous
analysis and calculation. It can predict all fitting line with a R>>0.91 except the data
obtained at 200 °C. This might be due to a failing in the equation or a peculiar event

triggered at this temperature. The proposed equation currently includes a value,

equal to % = 0.0785. This empirically determined value functions effectively

within this framework, but its underlying physical significance requires further
investigation. The equation should be tested and validated with alloys of different

chemical composition, hence different 7,, and microstructures.
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