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SUMMARY

As a new class of materials, metallic glasses (MGs) appear to have great potential for
engineering applications, due to their superior properties including high strength, good
corrosion resistance, thermoformability and etc. Despite several attractive traits of MGs,
the main drawback lies in their little tensile and limited compressive plasticity at low
temperature. Typically, the topological and chemical short-to-medium range structure is
believed to be intimately linked with the physical and mechanical behaviors of MGs,
and hence becomes one of the fundamental interests for many researchers. With this
regard, the main objective of this PhD project is to examine the structure-property

relationships in MGs by using molecular dynamics (MD) simulations.

During the past decades, many simulation studies have been conducted to investigate the
intrinsic structural defects in MGs, such as free volume, atomic-level stress, VVoronoi
polyhedron and etc. For instance, full icosahedra with a VVoronoi index of <0, 0, 12, 0>
are found to exhibit ultrahigh thermodynamic and mechanical stability in CussZrss MG.
By modeling annealing and shear deformation processes, the effects of atomic-level
stress on local dynamic and mechanical properties of MGs were investigated. Other than
Voronoi index, atomic—level stress is proven to be a generic parameter to identify the
structural defects in different glasses. By modeling annealing processes around the glass
transition temperature of MGs, atoms with high stress are found to exhibit faster
dynamics than solid—like ones. In addition, atoms with excessive atomic shear stress
serve as fertile sites for shear distortions, which may explain the shear localizations in

MGs.

Despite numerous studies devoted to the short-range order in amorphous alloys, their

medium-range structure remains a longstanding mystery. On the basis of Voronoi
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tessellation method, the correlations between local fivefold symmetry and medium-
range structures were investigated via MD simulations. It is shown that atoms with high
and low degree of local fivefold symmetry (HLFFS and LLFFS) exhibit distinctly
different characteristics in ZrssCussAlg glasses. Both HLFFS and LLFFS atoms appear
to connect with similar polyhedra, forming medium-range scale superclusters or
networks. In addition, strong spatial avoidance between these two types of atoms is
observed in the simulated models. Our quantitative analysis reveals the intimate
correlations between atomic-level stress and short and medium-range structures in MGs.
Moreover, the HLFFS and LLFFS networks respectively exhibit solid-like and liquid-
like behaviors under shear loadings. The characteristic length of HLFFS and LLFFS
networks appears to be consistent with the mechanical heterogeneity found in

experiments.

The topological structures and their correlations with MG properties have been
extensively studied via experiments and simulations. Nevertheless, further investigations
concerning the effects of chemical short range order (CSRO) on the MG properties are
still lacking. This thesis also discusses the CSRO development and its effects on the
dynamic and mechanical heterogeneities in ZrssCussAgio glasses. Similar to the TSRO
reported in previous studies, the CSRO becomes prominent in the supercooled region.
The development of CSRO is directly attributed to the local energetic stability. Due to
the positive enthalpy of mixing of Cu-Ag pairs, nanoscale phase separation is formed
during the quenching process, which is characterized by the Cu-rich regions and Ag-rich
regions. In contrast to Ag-rich regions, the Cu-rich regions exhibit higher dynamic and
mechanical stability under external stimuli. The simulation results reveal that the
dynamic and mechanical heterogeneities of MGs are also related with the phase

separation phenomenon.
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CHAPTER 1 INTRODUCTION

Metals are conventionally made of metallic bondings and considered to possess
translational ordering on the macroscopic scale. Glasses, on the other hand, often consist
of covalent and ionic bonds, and are characterized by their amorphous structure lacking
geometrical symmetry. Due to the different atomic and electronic structure, these two
classes of materials have been realized to exhibit distinctly different attributes. In the
1960s Klement et al. [1] successfully synthesized Au-Si metallic glass (MG),
characterized by the non-crystalline structure without long-range ordering. The
combination of metallic nature and amorphous structure in MGs leads to the unique
properties and extensive potential for commercial applications [2, 3]. The discovery of
first MG has aroused remarkable attention in exploring and understanding this young
class of materials [4-9]. The so-called “bulk” metallic glasses (BMGs) represent the
impressive progress in this endeavor, with sample size or thickness in excess of 1mm.
These bulk glass formers, generally complex alloys with multicomponent elements, can

be readily synthesized into fully amorphous samples with slow cooling rates.

One of the enduring fascinations for scientists and engineers is the intriguing physical,
chemical and mechanical properties of MGs. Due to the absence of dislocation defects,
most MGs possess higher strengths and elastic limits compared to conventional metals,
along with good wear and corrosion resistance [8, 10]. However, BMGs typically
undergo highly localized deformation by the initialization and propagation of shear
bands at ambient temperature, leading to their catastrophic failure with limited
compressive ductility and negligible tensile ductility [11]. Additionally, one of the most
important characteristics of BMGs is the glass transition behavior, which represents the
transformation from undercooled melts into glassy state when cooled from high to low
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temperature [12]. The interesting properties of BMGs have inspired fundamental
research interest on the glass-forming ability (GFA), atomic-level structure, structure-
property relationship and deformation mechanisms. The discovery of BMG samples and
their unique attributes have made them attractive and promising in many commercial
endeavors, including aerospace, naval, sports equipment, micro electromechanical

systems (MEMSs), nanotechnology and biomedical devices.

In addition to experimental techniques, computer simulations have been extensively
adopted as an alternative to explore the structural and mechanical behaviors of BMGs.
Therefore in this work, molecular dynamics (MD) simulations are implemented to

investigate the microscopic properties of MGs.

1.1 Formation and history of metallic glasses

Metals have been known to possess a crystalline structure for a long time. In the 1960s,
the discovery of first MG, AuzsSizs, was announced by Klement et al. in the California
Institute of Technology [1]. The so-called MG is an alloy that maintains the amorphous
structure of high-temperature melts. By using rapid quenching technique at sufficiently
high cooling rates of 10°-10°8 K/s, the crystal nucleation and growth can be kinetically
suppressed in some alloy melts, forming frozen liquids with amorphous structure [13].
The fabrication, structure and properties of MGs have attracted intense attention due to
their scientific significance and potential for engineering applications. Over the next
decade, commercial manufacture of low dimensional metallic glass, such as ribbons,
lines and sheets, has been extensively studied for the use of soft magnetic materials [14].
Most samples were synthesized with limited thickness to ensure that the heat in the
metallic liquid could be drawn off quickly enough, such that the amorphous structures
can be retained during the solidification. However, the extended applications of MGs

were restricted because of the requirement of extremely high critical cooling rates.
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Meanwhile, Turbull and coworkers proposed a crucial criterion to discover alloys with
excellent GFA [15, 16]. The reduced glass transition temperature, Trg = Tg/Tm (Tmand Ty
respectively denote the melting and glass transition temperature) was proposed to predict
the GFA of MGs. According to such standard, a liquid with Trg = 0.67 becomes very
sluggish in crystallization and hence can be readily undercooled into bulk glassy sample
at a slow quenching rate. The Turbull criterion has play an essential role in finding
various MGs with excellent GFA. The correlations between maximum samples
thickness (tmax), critical cooling rates (R¢) and reduced glass transition temperature (Trg)
for recently developed and traditional MGs was illustrated in Figure 1.1. Clearly, the
GFA tends to increase with increasing reduced glass transition temperature, indicating

the suitability of the Turbull criterion.
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Figure 1.1 Correlations among critical cooling rates (Rc), reduced glass temperature (Trg),

and critical sample thickness (tmax) for recently developed and conventional BMGs [17].
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One can arbitrarily define the millimeter size as bulk. Chen discovered the first BMG
(Pd-Cu-Si glass) in the 1970s [18]. With simple suction-casting techniques, the Pd-Cu-
Si alloy can be cast into a cylindrical sample with millimeter-diameter and at a critical
quenching rate of 10% K/s. In 1982, a well-known BMG was successfully prepared with
a composition of PdsoNisSizo, and the sample was slowly quenched (1.4 K/s) by
adopting boron oxide fluxing method [19]. Unfortunately, due to the expensive cost of
Pd metal, the interests for Pd-based BMGs were only limited to research laboratories. In
the late 1980s, Inoue et al. [20] has made a breakthrough in finding many complex BMG
systems with common metallic elements. For instance, exceptional GFA has been
observed in the rare-earth-based systems, such as La-Al-Cu and La-Al-Ni alloys. Over
the next decade, similar quaternary and quinary BMGs has been developed at quenching
speed below 100 K/s and the critical size is up to several centimeters [21, 22]. In the
early 1990s, Zr-based alloys were fabricated into BMG samples with a diameter up to 16
mm [23]. In 1997, the Pd-Cu-Ni-P system with extraordinary GFA and critical diameter
of 72 mm was developed by Inoue et al. [24]. Another excellent BMG with a
composition of Zrs12Ti138Cui25Niw0Be22s, typically referred to as Vitreloy 1 (Vit 1),
and critical quenching rate below 10 K/s was reported by Johnson and coworkers [25].
Other excellent glass formers were soon discovered in the nickel-, copper-, iron- and
titanium-based alloy systems [26-29]. Until now, the maximum achievable thickness of
MG is around 80 mm in diameter [30]. Some BMGs with critical diameters in excess of

10 mm are exhibited in Figure 1.2.
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Figure 1.2 BMG systems with different maximum diameters and their discovered years

[31].

Since the discovery of MGs, various empirical rules for BMG formation have been
suggested to include: (1) multicomponent alloys consisting of at least three elements
with complexity, and hence the energetic stability of a regular structure is reduced; (2)
atomic size mismatch between constituent elements resulting in higher packing density;
(3) alloy composition near deep eutectic, indicating a stable liquid at low temperature
that can be easily quenched into glass; and (4) negative enthalpy of mixing between the
constituents, which elevates the energy barrier at the liquid-solid interface and thus

reducing the crystal nucleation rate [3].
1.2 Properties of BMGs

1.2.1 Thermodynamic and kinetic features

The good GFA of BMG forming liquids is mainly attributed to their slow kinetics [32-
34]. Recent studies found that the suitable choices of constituent elements would lead to
MGs with excellent GFA. As well known, the GFA of alloys tend to increase with an

increasing number of component elements. This behavior is called “confusion principle”,
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indicating that the large number of differently atom sized elements can destabilize the

competing crystalline phases during cooling [35].

In metallic systems, crystals are thermodynamic equilibrium states when the temperature
is below T_ . The metallic liquids could be supercooled without crystallization by using
high cooling rates and removing the heterogeneous nucleation sites. The supercooled
liquid is considered “quasi-equilibrium” because it is not really in thermodynamically
equilibrium state, even though the supercooled state can exist for a long time scale as it
is difficult to crystallize at low temperature [12]. Generally speaking, the GFA of an
alloy is equivalent to the ability to suppressing crystallization with the supercooled

liquid. When the temperature is decreased to below T, the difference between the free

energy of the supercooled liquid and the competing crystal, AG, represents the driving
force for crystallization. Interestingly, it has been found that the GFA scales inversely

with AG, which can be calculated as [13]

f’—ACp_S(T)dT (1.1)

AG, ,(T)=AH, —AST,~ ["ACY*(T)dT + |’ =

where AH, and AS, refer to the enthalpy and entropy of fusion respectively, To is the

temperature at which the crystal and the liquid are in equilibrium, and ACy(T) is the
specific heat capacity difference. Therefore, a low AG represents a small enthalpy of
fusion AHs and large entropy of fusion ASt. The large entropy is typically associated with
multicomponent systems, since ASt scales with the number of microscopic states [36].
Also at a constant temperature, the free energy difference decreases with lower enthalpy
and higher value of Trg, which agrees with “confusion principle” and empirical rules
mentioned above. Figure 1.3 illustrates the driving force in several BMG systems with

different GFA (critical cooling rates). As shown in the figure, the GFA is strongly
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coupled to the free energy difference. In addition, the driving force increases during

supercooling, as the supercooled liquid gradually deviates from the equilibrium state

(crystal).
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Figure 1.3 Increase of free energy difference AG during the supercooling of BMGs with

different GFA [37].
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Figure 1.4 Temperature influences on the viscosities of various glass-forming liquids

[37].

To get a better understanding of the GFA in BMGs, one needs to study the kinetic
properties in glass forming systems. The viscosity » plays a vital role on the GFA of a
glass-forming system, and also reflects the mobility of atoms during supercooling. The
viscosity can be directly measured in BMGs and supercooled liquids in a wide time and
temperature scales, as many BMGs are relatively stable towards crystallization on
laboratory time scales. Figure 1.4 shows the correlations between viscosity and
temperature in various glasses, and the viscosity data shows good agreement with the

Vogel-Fulcher-Tammann (VFT) equation [38] such that

T-T,

v

=1 exp[ OT, } (1.2)



where Ty is the Vogel-Fulcher temperature, at which the flow resistance goes to infinity.
D is recognized as the fragility parameter, which is associated with the GFA of MGs.
The glass transition temperature is commonly defined as the temperature at which the

viscosity exceeds a critical value (e.g., 102 Pa-s), and the slope at T4 denotes the fragility

[39]. Liquids with larger fragility are termed “fragile”, as they exhibit an abrupt change
of viscosity around glass transition. On the other hand, “strong” liquids (small fragility)
exhibit sluggish kinetics and high viscosity in the supercooled regime, which delays the
formation of crystal nuclei in the melts. Thus, the crystal growth is suppressed by the
poor mobility of constituent atoms, leading to high thermal staibility and GFA of the
supercooled liquid. The fragility is often associated with other characteristics of glasses,
which is illustrated in Table 1.1. During supercooling, the crystallization speed is
determined by the competition between the increasing driving force (AG) and the
increasing resistance to structural rearrangements or molecular transportation (viscosity

n ). The competition between these two parameters determines whether alloys are good

glass formers.

Table 1.1 Correlations between selected properties and the fragility of the supercooled

liquids in glass forming systems [39].

Glass Viscosity Glass- Fracture  Possion’s  Gibbs free
characteristic forming toughness ratio energy
ability
Kinetically High High Low Low Small
strong
Kinetically Low Low High High High
fragile




1.2.2 Mechanical properties

One of the enduring attractions of MGs is their promising mechanical properties, such as
superior specific strength, high hardness, good ductility in bending, high wear and
corrosion resistance, low friction coefficient etc. [40-42]. However, these superior
properties are accompanied by their low tensile/compressive ductility at room
temperature, owing to the lacking of dislocation-mediated crystallographic slip. The
deformation mechanism of MGs is mostly attributed to shear banding, a particular
deformation mode leading to their brittleness and catastrophic failure due to the free
propagation of the shear bands [11]. In considering the mechanical performances of
MGs, the key is to comprehensively understand shear bands, including the initiation,

propagation, evolution, consequences and control [43].

During the deformation of MGs, strain can be easily accommodated by the changes in
atomic neighborhood, due to the prevalence of metallic nature in MGs [44]. With crystal
dislocations, the rearrangement of neighboring atoms could occur at low stresses or
energies in crystals. However, the motion of neighborhood in MGs is a relatively high-

stress or high-energy process.

At the atomic level, the local rearrangements of atoms around free volume regions are
believed to accommodate the shear strain in MGs under an applied stress. Such
rearrangements are schematically depicted in Figure 1.5(a), which was originally
proposed by Argon et al. [45]. The shear event in the figure has been named as a “flow
defect” [46] or “shear transformation zone” (STZ) [47]. The STZ involves a group of
atoms that experience a shear distortion from one low energy (equilibrium) state to a
second such state, traversing an activated configuration with high energy. After a

localized distortion is created, this shear strain continuously propagates, leading to the
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formation of so-called ‘““shear bands”. It is essential to stress that STZ is not a structural

defect in MGs, but rather a transient state affected by local atomic rearrangements [2].

a T

—
-~
o

Figure 1.5 Schematics of the deformation mechanisms in amorphous alloys, including (a)
a shear transformation zone [45], and (b) a local atomic rearrangement based on free-

volume model [48].

An alternative explanation of the microscopic mechanisms of plastic flow in MGs is the
“free volume” model proposed by Spaepen et al. [48, 49]. This theory views
deformation as many diffusion-like atomic jumps into vacancies in MGs, as
schematically illustrated in Figure 1.5(b). Obviously, these atomic jumps occur mostly
near to regions with high free volume. In addition, the competition between free volume
annihilation and creation has been proven to be a key factor determining the deformation
features of glasses. If the applied stress exceeds a critical value, the annihilation rate will

not keep up with the free volume creation, leading to strain softening and shear
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localization in MGs. These two models qualitatively outline the atomic level

mechanisms underlying the deformation of MGs.

Due to the lack of long-range translational geometry, MGs are typically considered to be
elastically isotropic. Isotropic materials possess two independent elastic constants,
typically regarded as Possion’s ratio (v ) and Young’s modulus (E). The bulk modulus
(B) and shear modulus ( z) are more useful for understanding the elastic properties of
MGs, since they respectively represent the responses of materials to hydrostatic and
shear stresses. These two parameters involve bond stretching and distortion, respectively.
The bulk modulus of glassy metals is typically 6% lower than that of corresponding
crystalline compounds [50, 51]. For crystalline alloys, the curvature of interatomic
potential and the equilibrium interatomic distance together determines the bulk modulus
[52]. The density of MGs has been proven to be slightly smaller than that of crystals,
and thus the average interatomic spacing is slightly higher in glasses. Such difference
can explain the lower bulk modulus of MGs. In contrast, the shear modulus in
amorphous alloys is about 30% lower than that of crystals [53-55]. The difference in
atomic spacing is inadequate to explain such a large difference in shear modulus. Under
a shear strain, every atom in the crystals undergo an affine displacement defined by the
macroscopic strain, while the local atomic displacement in glasses deviates from the
affine projection due to the amorphous structure [2, 12]. These local rearrangements of
atoms reduce the shear modulus of MGs by about 30%, as proved by many simulations

[56, 57].
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Figure 1.6 Compressive and tensile stress-strain curves of Zrs7NbsCusisaNii2.eAl1o

amorphous alloy [58].

A unique characteristics of MGs is their ultrahigh strength, as their elastic limit can
reach as high as 1 to 2% [59]. In addition, flow serrations have been found in the load-
displacement response of MGs, which represents a relaxation event related with the
shear band formation [60]. The serration behavior is also associated with the temperature
[61]. As the strain raises to a critical value, a shear band is activated and quickly
propagates in MG samples, leading to the catastrophic failure [62]. Another
characteristic of MGs is their different responses to tension and compression, as
described in Figure 1.6 [58]. No plasticity under tensile loading is observed in the
stress-strain curves, whereas small plastic strain under compression is found in the
specimen. Under compression, large shear strains can be accommodated by multiple
shear bands, giving MGs limited ductility. Under tension, however, glasses fail by the
shear rupture in a primary shear band with little plastic strain. The compressive plasticity

in MGs is attributed to the slipping, branching and intersecting of multiple shear bands.

13



The fracture under compression mainly occurs at an angle of 42 to 43° from the loading

axis, whereas the tensile fracture angle is about 56°, as seen in Figure 1.7 [63].

Tensile Direction

8ee1 15kVU Seoum

eeee 15kV Se8um

Figure 1.7 The fracture behaviors of PdioNisoP20 glasses under (a) tension and (b)

compression, illustrating the difference in fracture angles [63].

1.3 Microscopic structure of metallic glasses

Macroscopically, MGs have amorphous structure with no long-range translational order.
At the atomic level, topological and chemical short-to-medium range order are believed
to be prominent in glassy alloys, owing to their high packing efficiency and different
chemical affinity between constituents [12]. The fundamental knowledge on the MG
structure has been a long-standing subject of interest for understanding the

thermodynamic, kinetic and mechanical properties.
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1.3.1 Short-range order

Figure 1.8 Solute-centered clusters discovered in the simulated Nig1P19 amorphous alloy
[64]. B and Ni atoms are colored purple and green, respectively. The MRO is formed by

the interconnection of those quasiequivalent clusters.

Many experimental and simulation studies support the significance of solute-centered
atomic clusters in the structure and stability of amorphous alloys. These atomic clusters
exhibiting similar structural features are commonly referred to as the short-range order
(SRO) in MGs. In binary or multicomponent MGs, constituent elements are sometimes
classified into solute and solvent atoms according to their fractions. The major and
minor elements are respectively considered as solvent and solute atoms. In particular,
clusters formed by a center solute atom and several neighboring solvent atoms have been
proven to be the representative structural elements in many solute-lean systems, such as
Nig1B19, NigoP20 and ZrgsPtis [64]. In these systems, solute-solute connections diminish
due to the low fraction of solute element and the varying chemical affinity between
constituent elements [65]. Such phenomenon is typically named as “solute-solute
avoidance”, which is an intrinsic characteristic of many MGs [12]. If the proportion of

solute atoms exceeds a critical value, the neighboring atoms would become a mixture of
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solute and solvent atoms. A typical example of solute-centered clusters at atomic level is
depicted in Figure 1.8, which shows the SRO in NigiB1g glass (red circles). As seen in
the figure, solute B atoms are completely surrounded by solvent Ni atoms, making up

the solute-centered clusters in the system.
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Figure 1.9 Theoretical coordination number of an element i in liquid of element j as a

function of the radius ratio R* = ri/rj [66].

Owing to the high packing efficiency of MGs, the average coordination number (CN) in
MGs is controlled by the effective radius ratio between solute atoms and their neighbors,
R* [66, 67]. The CN of a given atom describes the number of atoms that are in its first
coordination shell. Unlike crystalline solids, the determination of nearest neighbors in
amorphous system is somewhat arbitrary. Several different ways are typically used to
define the nearest neighbors in MGs, such as distance cutoff and Voronoi tessellation
techniques [12]. Take distance cutoff method for example, atoms contributing to the first

peak of the corresponding radial distribution function (RDF) are considered as the
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nearest neighbors [68]. In amorphous alloys, the typical relationship between the
predicted CN and R* is described in Figure 1.9. Computer simulations were employed to
study how R* affects the local packing scheme in different MGs [64]. As seen in Figure
1.10, the preferential CN of the solute atom in ZrgsPtis and NigiBio MG is 12 and 9
respectively. Such finding is directly attributed to the different R* in these two alloys, as
shown in Figure 1.9. The R* of Zr-Pt and Ni-B systems are 0.9 (corresponds to a
theoretical CN of 12) and 0.69 (theoretical CN of 9) respectively, and hence the

dominant CN becomes different in these systems.

B Ni;By,
O] NigPy
O zr,pty
O Nig;Nby;

Fraction

8 9 10 11 12 13 14 15 16
CN

Figure 1.10 CN distributions of the solute atoms in various MGs, based on ab initio

calculations [64]. The average CN varies with the effective atomic radius ratio R*.
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<0,0,12,3> <0,0,12,4>

Figure 1.11 Several VVoronoi polyehedra with different CNs [12]. Clusters are formed by
the centeral and neighboring atoms, which are colored cyan and blue, respectively. The

corresponding Voronoi polyhedra are depicted by the yellow lines.

In many simulation studies, researches have used the so-called “Voronoi index” to
classify the solute-centered clusters [69, 70]. The Voronoi tessellation method divides
the 3D space into many isolated polyhedra (or cell) centered by each atom in glasses.
Such technique can be employed to definitely define the CN in amorphous system: those
atoms sharing the same cell surface are referred to as nearest neighbors. Additionally,
the VVonoroi index, <ns, n4, ns, ng>, can be used to describe the local arrangements and
geometry of the nearest neighbors around the center atom, as illustrated in Figure 1.11.
Specifically, n3 demonstrates to the number of triangles on the Voronoi cell, ns the
number of quadrangles, ns the number of pentagons, etc. For example, <0, 0, 12, 0>
corresponds to a dodecahedron with twelve pentagonal faces, which is depicted in the

18



figure. A typical example of Voronoi analysis is the simulation studies of Cu-Zr MGs,
which were extensively investigated due to their excellent GFA with a wide composition
range [71, 72]. Based on the Voronoi indices, the MD and reverse Monte Carlo (RMC)
simulation results suggest the dominance of five-edged faces in Cu-Zr MGs. Among the
numerous clusters around Cu atoms, the Cu-centered full icosahedra (FI) with \Voronoi
index <0, 0, 12, 0> have attracted particular interest, since their proportion changes
dramatically in response to varying Cu content [73]. Moreover, their fraction is
dramatically sensitive to the cooling rate [71]. The essential role of Cu-centered FI in

determining MG attributes will be further outlined in Section 1.4.

1.3.2 Medium-range order

The orderliness of MG structure can still be found at a larger scale, which is generally
referred to as the MRO. Despite solute-centered clusters in MGs possess different
topologies and CNs, they can be considered quasi-equivalent, due to their similar sizes
and CNs [64]. Computer simulations show that quasi-equivalent clusters are likely to be
stacked with icosahedral order, giving rise to the MRO. Figure 1.8 also shows an
icosahedral supercluster in NigiB19o MG. The B-centered clusters are percolated with one
another by sharing the solvent atoms, forming the MRO. Additionally, the icosahedral-
type MRO is not found to be affected by the SRO types. For instance, ZrssPtis (the
dominant SRO is <0, 0, 12, 0>) and Nig1B19s (the dominant SRO is <0, 3, 6, 0>) MGs
exhibit similar types of MRO. Very recently, the distribution of <0, 0, 12, 0> clusters in
Cu-Zr MGs are found to be heterogeneous [71]. These clusters preferentially connect
with one another, forming chains and networks, which may provide another example of

the medium-range structure in MGs.
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1.4 Structure-property relationship

Due to the amorphous nature of MGs, their structure-property correlation remains a
long-standing difficulty to scientists. Nevertheless, researchers have made considerable
efforts devoted to this topic, and encouraging progress has been achieved over the years.
Numerous studies suggest that the properties of MGs are predominantly dependent on
their internal structures, such as the changes of alloy composition, or variations of
processing histories. The microscopic structure associated with the glass properties has
been derived from atomistic simulations. This section provides a brief summary of

recent progress in this important area.

1.4.1 Structural-thermodynamic relationship

The microstructure is a key factor controlling the diffusion and structural relaxation of
MGs and supercooled liquids, and therefore affects their thermodynamics and kinetics
behaviors. The relaxation dynamics of liquids slows down under supercooling, and
hence the atomic motion becomes different and heterogeneously distributed in space.
Some atoms are faster and can transport in the supercooled liquids, whereas some are
locally encaged and immobile. The dynamical heterogeneity is intimately connected
with the microstructure distribution, and has been extensively studied by atomistic
simulations [74-76]. Doye and Meyer [77] investigated the energetically favored clusters
in a binary glass. By adjusting the relative size of atoms, it is found that different
polytetrahedral clusters can be favored. In addition, the energetic stability is associated
with both topological and chemical order. The representative topological order is
denoted by extracting the VVoronoi index, while the chemical order can be characterized
by chemical short range order (CSRO) parameters. In binary and multicomponent
glasses, the most favored SRO is typically characterized by clusters with high symmetry

and chemical order [12].
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A recent simulation study stressed the significance of icosahedral ordering in Cu-Zr
MGs. As temperature decreases, one can observe that the proportion of Cu-centered FI
(<0, 0, 12, 0>) dramatically increases towards glass transition [73]. In addition, the Cu-
centered FI is directly associated with the local atomic mobility, as shown in Figure 1.12
[73]. The majority of immobile atoms are found to be associated with the <0, 0, 12, 0>
clusters. Similar results regarding the dynamics-structure correlations have also been
carried out by many researchers [78, 79]. Accordingly, the icosahedral order with high
degree of fivefold symmetry may explain the structural aspects of the thermodynamics

and kinetics of MGs.
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Figure 1.12 Distributions of atomic mobility (propensity for motion) of Cu atoms in
CuesaZrze supercooled liquid (at 800 K) [73]. Right and left sides denote the 5% Cu
atoms having the fastest and slowest mobility, respectively. In the inset, Cu-centered
polyhedra are sorted according to the atomic mobility (low to high) and then separated

into 20 groups, each involving 5% of the total Cu atoms.
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1.4.2  Structural-mechanical relationship

Figure 1.13 Relationship between icosahedral clusters and local inelastic deformations
(STZ) [80]. Such figure displays the cross-section view of a sheared CussZrss sample.
The configuration only depicts Cu atoms for clarity, indicating the Cu-centered
polyhedra. The coloring schemes are assigned according to the different values of von
Mises shear strains. The elastically and plastically deformed and regions are colored
dark purple and yellow respectively. The circles represent two elastic entities and one
STZ, and their local structures are illustrated in the insets. The Cu atoms in the elastic
entities are mostly in <0, 0, 12, 0> FI (such Cu-centered polyhedra are mapped blue),
while the Cu atoms in the STZ are mostly embedded in unfavorable (liquid-like) clusters

(mapped red). The Cu atoms of other regular clusters are displayed by small green dots.

The unique mechanical properties of MGs are characterized by the high strength and
limited plasticity, which are intimately connected with the atomic-level structure. Due to

the intrinsic structural fluctuations in MGs, the microstructure changes from site to site.
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Similar to the structure-kinetics correlations, the structural heterogeneity gives rise to the
mechanical heterogeneity in MGs. The mechanical heterogeneity is typically measured
by local stiffness in glasses, which can be characterized by computer simulations and
experiments. Specifically, regions with low stiffness are unstable (or liquid-like) and
preferential for localized shear transformation, which may lead to the shear band
formation in realistic MGs [81, 82]. With external loadings, STZs with low stiffness are
locally activated to undergo inelastic deformations [2]. The subsequent percolation of
STZs results in the shear band formation, accompany with the catastrophic failure of
MGs. The correlation between microstructure and local stiffness has been revealed by
atomistic simulations [83, 84]. The deformation behavior of CuZr-based MGs is found
to be affected by the icosahedral order, as shown in Figure 1.13 [80]. Various simulation
studies suggested that icosahedral clusters correspond to regions with higher shear
resistance and stiffness, while the disordered atoms exhibit low stiffness and are fertile

sites for local shear deformation [85, 86].

If a MG sample is deformed elastically, the local plastic deformation of the defects
(liquid-like sites) is confined. These STZs are hence isolated and embedded in the
specimen, and can be recovered upon unloading [2]. Then if the loading stress is so large
that many STZs are activated to percolate with one another, the unstable region will
reach a critical scale and give rise to irreversible macroscopic strain. Once irreversible
shear occurs, the shear front will propagate quickly in the matrix, leading to instability
and eventually catastrophic failure. A recent experiment by Schall et al. [87] confirmed
the observation of STZ percolation in colloidal glasses. In addition, many simulation
studies have been conducted to unravel the mechanisms and process of shear band
formation in MGs. For instance, Cao et al. [88] successfully examined the yielding of

MGs by using MD simulations. The results suggested the STZ activation around the free
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surface, the STZ percolation, the collapse of icosahedral backbone, and their correlations.
Once the shear band propagates, icosahedra in the shear band are found to be broken and

transformed into unstable and fragmented clusters.
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Figure 1.14 Comparison of the deformation behaviors in terms of shear localization in (a)

CuesaZrzs and (b) CusoZreo glasses [89]. Only atoms with atomic shear strain higher than

0.3 are shown for clarity.

The plastic deformation of MGs is originally triggered by the STZ activation. The STZs
are energetically unfavored and exhibit low stiffness and stability. Thus these STZs are
liquid-like and their effect on plasticity in MGs is of fundamental importance. It was
reported that MGs with more liquid-like sites preferentially undergo homogeneous flow,

while strain localization is favored in glasses with more solid-like structure. It is
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therefore proposed that the deformation mode (homogeneous flow or localized shear
band) is mainly determined by the process and percolation of STZs. Therefore, the
intrinsic plasticity of MGs is directly related to the relative proportion, spatial
distribution and property of STZs, as proven by recent simulations [88, 89]. For example,
the different degrees of strain localization in CuesZrzs and CusoZreo MGs are proposed to
be related with the different population and connectivity of those STZ fertile sites [89].
Compared to the CussZrss sample, the CusoZreo alloy exhibits a more homogenous
plastic deformation and better intrinsic plasticity, as shown in Figure 1.14. As mentioned
before, the icosahedral clusters in CuZr MGs are stable and highly resistant to local
plastic deformation, while the disordered clusters exhibit low stiffness and become
fertile sites for STZs. Due to the high population of icosahedral clusters founded in
CuesZrzs, the plastic strain in this sample tends to concentrate in the initiated shear band
rather than diffusing into nearby space. Similarly, the quenching rate dependences of
mechanical features in MGs are attributed to the degrees of structural ordering and
defects. For instance, the proportion of icosahedra in Cu-Zr MGs increases significantly
with decreasing quenching rates [71]. Hence, samples with more icosahedral order are

found to exhibit high strength, high shear modulus, and low intrinsic plasticity.

1.5 Metallic glass matrix composites

The main drawback of monolithic BMGs is their intrinsic room-temperature brittleness,
which is attributed to the rapid propagation of activated shear band. Due to the lack of
crystal defects, plastic deformation of MGs is typically concentrated in shear bands with
a thickness of only 10 nm [2, 90]. To eliminate the brittleness of monolithic BMGs,
metallic glass matrix composites (MGMCs) have been synthesized during the past
decades [3]. The presence of secondary crystalline phases can directly prompt the

multiplication of shear bands and suppress the shear band propagation. In general, two
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kinds of composites have been extensively studied: in-situ composites, where crystalline
phases are precipitated during solidification, and ex-situ composites, where crystalline
particles or fibers are added into a melt before casting. The characteristics and

mechanical properties of in-situ and ex-situ MGMCs will be the discussed in this section.

MGMCs could be classified into two groups: extrinsically and intrinsically formed
composites. The secondary phases of these composites could exhibit different
microstructural features and length scales. Typically, the ex-situ composites are
synthesized by directly adding crystalline reinforcements during the processing of glass-
forming melts. The reinforcements consist of either particles or fibers [91, 92]. For
example, W, Ta, Nb, Mo, and SiC crystalline particles have been successfully
introduced to the Vit-106 melt to synthesize particulate-reinforced composites [58, 91,
93]. The achievable microstructures of in-situ composites possess distinct shape and
morphology, such as nanoscale quasicrystals, nanocrystalline particles, dendritic
precipitates, or two amorphous phases through the phase separation [3]. Figure 1.15
shows the microstructure of an in-situ MGMC containing B-phase. The X-ray diffraction

(XRD) peaks shown in the inset is attributed to the body-centered cubic (bcc) phase.
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Figure 1.15 Scanning electron microscopy (SEM) image of the microstructure of the

(Zr75Ti18.3aNbe.66)75X25 in-situ composites [94].

The key factors governing the strength and plasticity of MGMCs include the
reinforcement properties, the properties of the interface between glass matrix and
secondary phases, the volume fraction, morphology and size of the secondary phases.
Usually, the fracture strength of ex-situ composites could be improved with increasing
amount of reinforcement [95, 96]. However, the reinforcing effect of the secondary
phases tends to diminish as the volume fraction exceeds a critical value [97]. Despite the
high fracture strength achieved in most ex-situ composites, their plastic strain is yet
limited to 1-5%. An exception is the Zr-based BMGs mixed with W filaments, for which
a strain limit up to 18.5% has been achieved [98]. The extraordinary plasticity of such
material is primarily attributed to the ductile property of the W particles. The mechanical
performance of in-situ composites mainly depends on several parameters: the

morphology, the size and the volume fraction of secondary phases. For instance,
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partially crystallized Zrs7Cu20Al10NigTis alloys were synthesized and investigated by
annealing the monolithic glass [99]. The nanoprecipitates of these composites are
homogeneously embedded in the matrix, with a characteristic length of 2 to 10 nm. The
results suggest that the strength of the material is strongly improved with the
introduction of crystallites, while the plastic limit is slightly affected. In another case,
composite microstructure was achieved by adding 1 at.% Si to a Cu-Ti-Zr-Ti glass [100].
The composite consists of nanoparticles about 8 to 12 nm in size, which are
homogeneously distributed in the matrix. On the other hand, star-shaped precipitates
with a size of 3 to 5 um were found by adding 1 at.% Sn into the same composition
[100]. The Cu-Ti-Zr-Ti BMG and Cu-Ti-Zr-Ti-Si composite display little ductility,

whereas the Cu-Ti-Zr-Ti-Sn composite shows a plastic strain limit up to 2.2%.

Compared to MGMCs with nano and micron-scale crystalline particles, composites
containing dendritic phases typically exhibit higher strength and better ductility [101].
Such composites exhibit improved plastic behavior in tension, compression and bending.
For Cu-based BMGs, a small volume of dendritic precipitates is adequate for promoting
the plasticity [101]. For La-based and Zr-based MGMCs, plasticity enhancement was
detected when the volume fraction of crystalline inclusions reaches a critical value [102,
103]. An interesting finding is that the activated shear bands in these samples tend to
intersect with dendritic arms before propagation, which may attribute to the inhibition of
shear band propagation. Unfortunately, only a few systems have been proven to gain
MGMCs with dendritic phases, and the possible composition range is still limited.
Moreover, the dendrites are strongly dependent on the cooling histories, leading to the
microstructural variations during casting. Furthermore, another drawback of dendritic

composites is their slightly reduced yield strength compared to monolithic BMGs.
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1.6 Applications

MGs possess certain remarkable attributes, and hence are attractive materials for
commercial applications. MGs are extensively used for making sport equipment, due to
their advantages like low density, low damping and high specific strength. With such
merits, MGs are exploited in high-end sporting equipment, such as golf plates, tennis
racquets and bicycle frames. In addition, BMGs are promising in the electronic market,
due to the applicability of fabrication into fine components. Another use of commercial
applications involves the medical equipment such as surgical instruments, bone plates
and dental implants. For example, Ti-based BMGs are particularly suitable for
orthopedic applications due to the unique properties, including biocompatibility,
excellent wear resistance, high specific strength and good thermal formability. Moreover,
the outstanding thermal formability of MGs provides an opportunity for the exploitation
in micro-electro-mechanical systems (MEMS) [104]. The ultrahigh strength and lack of
crystal defects of BMGs imply their superior performances in MEMS compared to
crystalline alloys. Traditional fabrication methods for MEMS devices include
lithography and chemical or ion etching, which are either expensive or lack fabrication
accuracy. With good thermal formability, the required nano-patterns of MEMS devices
can be easily acquired through plastic processing techniques. One case of commercial

applications is the micro gears fabricated by using die-forging approaches [105].

1.7 Motivation of this thesis

Although MGs exhibit superior properties and hence are promising materials for
industrial applications, there are still drawbacks. Therefore, it is essential to explore the
intrinsic structure in relation with their physical and mechanical characteristics,
especially in terms of chemical and topological aspects. Until now, numerous works

over the past decades have addressed a number of key issues, such as the prevalence of

29



icosahedral ordering in some binary and multicomponent glasses. However, many
unsolved puzzles remain in the field of microstructure and structure-property

correlations in amorphous alloys.

The free volume concept and icosahedral ordering have been extensively used for
understanding the behaviors of MGs. In some cases, the application of free volume or
icosahedral ordering may still be questionable. As discussed by Egami et al. [66], the
main limitation of free volume theory is ascribed to the relative compressibility of atoms.
The dominant Voronoi polyhedron is also found to vary with alloy systems and
compositions. Hence the explanation based on icosahedral ordering becomes
inapplicable in some glass systems. For instance, Cu-centered full icosahedra are
reported to exhibit dynamic instability in Cuz0Zrso glass [106]. In this regard, a generic
theory to define structural defects is necessary for understanding the physical and
mechanical behaviors of MGs. In addition, studies focusing on the MRO of amorphous
alloys are still lacking, hampering our understanding of their performances. The
characterization of MRO and its behavior in MGs could be a key issue to be addressed.
Since the CSRO may play a similar role as the topological short range order (TSRO) in
MGs, a detailed investigation of CSRO and its influences is also of fundamental
importance. However, the evolution of CSRO and its correlation with MG behaviors

have not been fully understood.

1.8 Objectives and scope

The main objective of this research work is to reveal the structure and structure-property
relationship in MGs. The MD simulation is employed to reveal the underlying
mechanisms of MG behaviors. The overall research scope of the PhD project is thus

organized into 6 chapters.
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An overview of metallic glass, its history, structure, properties, structure-property
correlation and their composites have been presented in Chapter 1. In particular, the
importance of icosahedral order on the kinetics and mechanical properties is given. The

motivation and objectives of the thesis have been outlined then.

Chapter 2 provides a brief overview and introduction of MD simulations. The embedded
atom model has been adopted in this work to simulate the configurations of different

MGs.

Chapter 3 examines the TSRO and its influences on the local dynamics and mechanical
properties of MGs. The atomic level stress theory is utilized to characterize the SRO and
defects in glasses and supercooled liquids. The local stress fluctuations are found to
affect the local dynamic and mechanical response of glasses, which may explain the

intrinsic heterogeneity of MGs.

Chapter 4 concentrates on the medium range structure of MGs and its dependence on the
Voronoi index. The formation of solid-like (stable) and liquid-like (unstable) networks is
intimately associated with the degree of local fivefold symmetry in Zr-Cu-Al MG. The
correlation between atomic level stress and Voronoi index has also been revealed. In
addition, the localized inelastic deformation is coupled to the medium range structure in

MGs.

Chapter 5 discusses the CSRO and its influences on dynamic and mechanical
heterogeneity in MGs. Similar to TSRO, the CSRO dramatically changes during
supercooling, which is also dependent on the cooling histories. The correlation between

CSRO and energetic stability is also presented.
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The final chapter summarizes the overall research work and outlines the topics that

require further exploration.
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CHAPTER 2 CLASSICAL MOLECULAR DYNAMICS

The deformation mechanism of crystalline materials is well established by the
dislocation theory, and is directly observed by electron microscopy. In contrast, due to
the intrinsic amorphous structure, there is no appropriate experimental technique to
examine the microscopic deformation process of MGs. On the other hand, computer
simulation provides an effective alternative to explore the nanoscale phenomena in
physics and materials science, such as the visualization of three dimensional
configurations and explanation of structure-property relationships. However, the
computation models still have serious limitations, which may lead to the disparity
between the simulation and real-world materials. Among various simulation methods,
MD is a straightforward method to predict the movements and trajectories of atoms
following Newton’s equations. According to the predetermined conditions, the physical
characteristics of materials can be monitored by using the instantaneous velocity and

position of the atoms.

2.1 Applications of molecular dynamics

In recent decades, MD simulations have been extensively used to unveil the properties
of relatively large systems in terms of their atomic-level structure and the structure-
property correlations. Compared to laboratory techniques, MD simulations provide more
insightful and revealing information regarding the microstructure and properties of MGs.
Sheng et al. [64] investigated the atomic-level structure of various MGs by using MD
simulations. The results confirm the solute-solute avoidance and strong CSRO in glasses.
Additionally, the solute-to-solvent radius ratio is found to be vital in determining the
dominant SRO. Due to the good GFA over a wide composition range, Cu-Zr binary

glasses have recently aroused intense interest in scientific and commercial fields. Their
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SRO and MRO have thus been resolved by several groups employing configurations
obtained by MD simulations [73, 107, 108]. By conducting VVoronoi analysis, clusters
with high degrees of fivefold symmetry are found to be dominant in Cu-Zr. With
varying compositions, the CN and dominant polyhedra also change gradually. In
particular, the GFA of Cu-Zr glasses are strongly related with the Cu-centered FI with
index <0, 0, 12, 0>. Furthermore, the formation of MRO is attributed to the aggregation

of Cu-centered FI.

In addition to the structure of MGs, their properties and mechanical behaviors have been
well analyzed via MD simulations. For instance, many researchers suggested the
significance of icosahedral clusters on the mechanical performances of realistic Cu-Zr-
based MGs [72, 80]. The icosahedral order is found to possess higher stiffness and shear
resistance, while distorted clusters correspond to lower stiffness and resistance. Cheng et
al. [80] carried out a MD study to demonstrate the cooling history dependence on the
deformation behaviors of Cu-Zr MGs. In this case, the shear modulus, strength and
plasticity are sensitively dependent on the cooling rates, which is consistent with

experimental observations.

2.2 Main features of molecular dynamics simulation

This section will briefly describe the main features of MD simulation, including the
initialization of atom positions and velocities, the integration techniques of atomic
movements, the boundary conditions, the temperature controls and the potential

functions.

Based on the Newton’s second law, MD simulation can be used to predict the
trajectories of particles in a classical system. If the positions and velocities of all

particles at time t are given, one can calculate the force on each particle and thus predict
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the acceleration and position of each atom at t+4t [109]. Figure 2.1 depicts a flowchart
regarding the typical steps involved in the MD simulation. The initialization of a system,
consisting of the initial positions and velocities of all particles, is assigned. The
empirical or semi-empirical potential functions are given to determine the forces acting
on those particles. Numerical integrations are then performed to obtain the positions and
velocities of the particles at the succeeding moment t+At. The integration process is
repeated until the system satisfies the stopping criteria (e.g., equilibrium state or
completed loading). Quantities of the system, including configurations, temperature,

pressure and etc., will be recorded during the simulation process.

A list of software programs can be used to implement MD simulations, such as Materials
Studio, LAMMPS, GROMACS, NAMD. GROMACS and NAMD are designed to
perform MD simulations on bio-molecular systems. They contain multiple functionality
and can be executed in parallel or single processors. Materials studio is a commercial
software for modeling various materials, such as polymers, metals, ceramics and so on.
It can be adopted to perform Ab initio MD, Monte Carlo and classical MD simulations.
Among all the programs, LAMMPS is an open source MD code designed for parallel
computation. It contains a variety of features include the simulation of atomic, metallic
and polymeric systems. In addition, LAMMPS is a developer-friendly software, since its
source code is convenient to modify. Therefore, LAMMPS is adopted in this thesis to

investigate the properties of MGs.

2.2.1 Initialization
To conduct MD simulations, firstly one needs to assign the initial configuration of all
particles in a system. In the case of modeling crystalline materials, lattice parameters are

required to set the accurate configuration of a system. The lattice is then repeated and
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expanded to fill the whole system. For amorphous materials, atoms can be assigned
following a random allocation with the avoidance of overlapping. The initialization of
atom positions can also be extracted according to experimental data. A good choice of
the initial configuration is essential to obtain a simulated system similar to realistic
materials. Energy minimization process is typically carried out to relief the intrinsic

stress results from the initialization, and to eliminate the undesirable overlaps.

The initialization of atom velocities is also indispensable for the construction of systems.
The initial atom velocities can be assigned following a uniform or Gaussian distribution
in some interval. The initially assigned velocities are scaled to obtain the designated
temperature. The total momentum of the system should be zero to avoid the translational

drift. The numerical form is presented as
Pe=>" my, =0 @2.1)

where P, is the total momentum of the system, m; and v, represent the mass and the

velocity vector of atom i, N is the total number of particles in the system.
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Figure 2.1 Flow chart representing the basic steps in MD simulations.
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2.2.2 Periodic boundary conditions

Figure 2.2 Schematic of the periodic boundary conditions adopted in a two dimensional
system. The central cube represents the primary cell, and the surrounding ones are

replicated images. Particles can move across the boundaries of each cube.

MD simulations are typically conducted on a small number of atoms. In general,
particles near to the surface exhibit distinctly different characteristics from those inside
the system. Such phenomenon is commonly named as “surface effect”. The boundary
conditions of a MD system could be free, fixed or periodic. The drawback of surface
effect can be overcome by employing periodic boundary conditions (PBCs), which is
applicable for simulating the behavior of macroscopic systems of gases, liquids and
solids. Figure 2.2 shows a two dimensional system with PBCs. As shown in the figure, a
primary central cell is replicated in all directions to form an infinitely periodic system.
Those image cells thus share the same characteristics, such as atom number, positions

and velocities. In the simulation box, as one atom in the central cell moves through a
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boundary, its images move across their corresponding boundaries. Accordingly, atoms
on the surface of the primary cell share similar properties with those inside the cell. The
unit cells will have to be tiled perfectly into a three dimensional crystal for the
implementation of PBCs. Therefore, cubic or rectangular cells are applicable and

preferred to implement PBCs in MD simulations.

2.2.3 Temperature controls
The instantaneous temperature of a simulated system is directly related to the kinetic

energy of particles, and is given by

ez

where T represents the instantaneous temperature of the system, v, is the velocity of
atom i, k, indicates the Boltzmann constant, and L represents the number of the degrees

of freedom.

To control the temperature of a system, the simplest method is to set the desired
temperature at each timestep [110]. However, such method may cause undesired
thermodynamic fluctuations in the system, which may greatly affect the behavior of the
simulated system. Another straightforward method to control the system temperature is
the Andersén thermostat, which is based on the reassignment of atom velocities with
certain possibilities [111]. A system under Andersén thermostat is deemed coupled to a
bath of stochastic impulsive forces exerted on randomly selected particles. Unfortunately,
such method still presents the possibility of introducing thermodynamic perturbations.
By adding damping terms into the motion equation, Berendsen, Langevin and Nosé-

Hoover thermostat can suppress the fluctuations of kinetic energy of a system [110]. The
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damping terms introduced in these schemes could be different, which determine the

efficiency and accuracy of the temperature controls.

In MD simulations, an ensemble is considered as various systems with the same
macroscopic properties but distinct microscopic states. Different ensemble techniques
are implemented during the simulation for approximating the realistic conditions and
constrains of materials. In addition, many other parameters are also assigned to suppress
the energy fluctuations caused by numerical errors and etc. One commonly used
ensemble in MD simulations is the micro-canonical (NVE) ensemble, which typically
represents an isolated system with number of particles N, volume V and total energy E of
the system being conserved. In some cases, a constant temperature is preferred for MD
simulations, which requires a net input and output of energy. The constant temperature is
usually fulfilled by adopting canonical (NVT) ensemble: a system with number of
particles N, volume V and temperature T being conserved [112]. Another commonly
used approach is the NPT ensemble, a system with fixed number of particles N, pressure

P and temperature T.

2.2.4 Integration algorithms
The trajectories of all particles during the simulation process are monitored and
predicted by solving the governing equations based on Newton’s second law, which is

given by

d?%f - - -ou
moli_f F-"% 23

where F, represents the force exerted on atom i, m, and 7, indicate the mass and

coordinates of atom i, U is the potential energy derived from the atomic coordinates. In

computer simulations, atomic movements are typically solved by numerical integrations
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with finite difference methods. The basic idea is given as follows. Given the positions
and velocities of all particles at a moment t, their positions and velocities at a subsequent
moment t+At could be tracked based on the governing equations. The accuracy and
efficiency of such step-by-step process are significantly dependent on the choice of
integration algorithms and the time interval At. In general, the timestep needs to be

sufficiently small to ensure the accuracy of the simulated results.

The most frequently used algorithm for integrating the motion equations is the Verlet

technique, which is a direct solution of the second order equations, and given as [113]

F(t+At)=2r(t)— 1 (t—At)+F (t)At? (2.4)

and

F ()= f(t+At)2;tF(t—At) 2.5)

As can be seen in the equations, the velocities are unnecessary for the computation of
atom trajectories. The velocities are calculated so as to obtain the kinetic energy.
Accordingly, the benefits of this method could be its simplicity, reversibility and
memory storage. However, one of its major drawbacks is the introduction of possible
numerical imperfections. The Verlet method has thus been modified and improved by a
so-called “Velocity-Verlet” scheme, which gives stable results by involving the
velocities in the trajectory calculations [114]. Velocities and positions at time t + At are

then calculated as

—

r(t+At)= r'(t)+%i7(t+At)At +%F(t)At (2.6)
Fi(t+At)=Fi(t)+F(t)At+%FAt2 (2.7)
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The “Velocity-Verlet” algorithm is used throughout this PhD study. Hence the stability
criteria of such algorithm will be discussed. The algorithmic stability depends both on
the numerical scheme and the differential equations being solved. In molecular
dynamics simulation, a simple harmonic oscillator (spring-mass system) is typically
used to determine the stability of the numerical schemes. For this “Velocity-Verlet”
method, we must have 0< @At <2 to provide stable solutions to the harmonic oscillator
problem. @ represents the natural frequency of the harmonic oscillator, and At denotes
the timestep. The typical order of atomic vibration is 10% to 10** Hz. Therefore, a
vibrational period should be split into several segments for MD to satisfy the numerical
stability. Accordingly, 1 fs (10 s) is used to simulate the behaviors of metallic

materials.

Another alternative algorithm in MD simulations is the predictor-corrector technique,
consisting of three steps: prediction, evaluation and correction. Firstly, positions and
velocities of all particles at time t + At are predicted based on the information at time t.

After that, the predicted and evaluated values are compared to correct the results. For
atom i, its position ¥, and corresponding derivatives, T, i, ¥, i", and £, at the

moment t + At are predicted based on Taylor’s expansion, which are described as

ot a0=r0s O RO O Bk W g
-t -0t 0o e
P o= a0 AL ) @10

P80 =70 7 Ot ) ) 1)
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£7 (t+at)=E™ )+ (t)At

£ (t+At) =7V (t)At

(2.12)

(2.13)

Based on the predicted positions, the force F(t+At) and acceleration &° (t+At) could

be evaluated, which is adopted as a corrector. The difference between the predicted and

the evaluated accelerations is calculated as

AT, =[ AFE (t+At) i (t+At) |

(2.14)

This term is used as a corrector to modify the predicted positions and those derivatives.

The modification process is described as following equations
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(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)
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AR, = ———1 (2.21)

In general, the predictor-corrector algorithm provides more accurate and stable results
than Verlet algorithm. However, its applications are sometimes limited due to the time

and memory-consuming characteristics.

2.2.5 Potential models

The focus of MD simulation involves the calculation of potential energy of a particular
model and forces acting on all particles. The accurate form of potential function could be
derived from the quantum mechanics with solving the Schrddinger's equation. This
approach is named as ab initio MD or first-principle MD, which could describe the
electronic structure and interatomic interactions with accuracy. Unfortunately, ab initio
MD is limited to the modeling of small system due to the expensive computational cost.
Therefore, empirical or semi-empirical potentials have been developed to alleviate the
difficulties of ab initio MD. Typically, the empirical potentials could be developed by
fitting the potential parameters with the experimental results and ab initio data. In
classical MD simulations, various potential functions are developed to implement certain
particular system of interest. The most commonly used potential function is the Lennard-

Jones (LJ) potential, and the potential energy between two particles is given by [109]

V(r)= 4{(%}12 - [%ﬂ (2.21)

where o represents the equilibrium interatomic distance, r is the distance between two
atoms, and & quantifies the depth of the potential. The simple expression of LJ potential
is useful for ultrafast calculation, and it is found suitable for modeling inert gases or

systems with van der Waals interactions. However, the LJ potential is typically
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inaccurate for simulating metallic materials. Therefore, many-body interaction potentials,
such as embedded atom model (EAM) potentials [115], were developed to suppress the
drawbacks. The EAM potential is particularly appropriate for modeling the metallic
materials, due to the non-directional bonds between metallic elements and the relatively
simple and fast computation. Therefore the EAM formula is commonly implemented in
the MD simulations of MGs. The potential energy of an atom in EAM can be expressed

as [71]

E=F (Zpﬂ(r” ))%Z%(rﬁ) (2.22)

i#] i#]
where r; is the distance between atom i and j, ¢, is the pair potential function between
element types o and S, p, is the charge density of f, and F, represents the embedding

function. The total potential energy of the whole system is the sum of the potential

energy of individual atom.

2.2.6 Limitations of MD simulations

In addition to experiments, computer simulation is used as an alternative to study the
structure of metallic glasses (MGs). However, the main limitation of MD simulations is
their time and spatial scales. The time scale of classical MD can reach tens of
nanoseconds, and the length scale is on the order of 100 nm. The nanosecond time scale
of MD simulations is significantly shorter than the timescale for real-world MG
formation. Therefore, one must keep in mind the large discrepancy between simulated
and realistic MGs. Despite such limitations, MD is still a powerful tool to investigate the
atomic-level structure and underlying mechanisms of MGs.

The embedded atom method (EAM) potential is employed to mimic the atomic force

field of realistic MGs. The angular dependence is ignored in the EAM potential,
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resulting in the inaccuracy of some systems. Due to the non-directional feature of
metallic bonds, such simplification is particularly suitable for modeling metallic
materials. The simplicity of EAM interactions makes the computations relatively fast.
Some empirical potentials including the angular dependence can also be used to simulate

MGs. However, the computation speed is significantly slower than the EAM potential.

2.2.7 Data output

MD simulations are commonly used to simulate the realistic processes in materials in
microscopic scale. By tracking and post-processing the atom trajectories and velocities
during the MD simulations, various parameters could be calculated to investigate
different properties and characteristics of materials, such as strength, failure, plastic
behavior etc. For instance, the mechanical behaviors of materials could be monitored by
applying different loadings to samples and tracking the atomic displacements. Other
sophisticated parameters such as thermal conductivity could be derived by post-
processing the simulated results. Typically, the thermodynamic parameters (i.e.,
temperature, pressure and total energy) reflect the macroscopic properties of materials,
whereas the fluctuations of microscopic states (i.e., local stiffness and atomic level

structure) are studied based on the information in terms of individual atoms.
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CHAPTER 3 SHORT-RANGE ORDER AND DEFECTS IN

METALLIC GLASSES STUDIED BY ATOMIC LEVEL STRESS

THEORY

By using MD simulations, this chapter provides an insight into the structure-property
relationship in Cu-Zr MGs based on the atomic level stress theory. After various MG
samples were prepared, the atomic level stress on each atom was computed and

correlated with the local dynamic and mechanical behaviors in MGs. Specifically, the

Mises

mean square displacement (MSD) and von Mises shear strain (7, ) were calculated to

track the inhomogeneous distribution of atomic mobility and local stiffness in MGs.

3.1 Introduction

One of the fundamental interests in MGs is the microscopic mechanisms underlying
their physical and mechanical properties [49, 116, 117]. Conventionally, the structural
defects in materials (e.g., dislocations in crystals) play a vital role in determining the
dynamic and mechanical behaviors. Unfortunately, due to the blurry boundary between
structural order and defects, knowledge on the structural defects in MGs has not been
well established [118]. Therefore at present, there is a pressing need for the clear

definition and understanding of structural defects in glasses.

In addition to experimental techniques, MD simulation provides an alternative to
unambiguously study the nanoscale structure and structure-property correlations in
materials [70, 119]. Specifically, the Voronoi index is extensively adopted to
differentiate structural order and defects in MGs [64]. For example, numerous computer

simulations confirmed the stability of <0, 0, 12, 0> full icosahedra (FI) in Cu-Zr MGs
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[120-122]. Peng et al. [106, 123] analyzed the structure—dynamics relationship in Cu—Zr

glasses via classical MD simulations. They reported that some Zr—centered clusters, e.g.
<0, 1, 10, 4> and <0, 1, 10, 5>, fundamentally determine the slow dynamics in all
compositions. Additionally, Cu—centered <0, 0, 12, 0> FI exhibit slow kinetics at
Cu-rich alloys. Cheng et al. [80] modeled the shear transformation process in CuesZrss
MG. The results revealed that FI exhibit high stability and resistance to local shear
deformation, while the low—population clusters serve as fertile sites for ST events.
However, such criterion is limited to particular types of glass-forming systems, since the
dominant Voronoi clusters change with alloy systems and compositions [124-126].
Accordingly, a system-independent criterion to generally define and understand the

structural defects in amorphous materials is needed.

Another approach to identify structural defects in MGs is the atomic—level stress theory
proposed by Egami et al. [66, 127]. Typically, the local equilibrium of an atom can be
characterized by the zero stress state, while the deviations can be reflected by the
atomic-level stresses [127]. Atoms with excessive stresses are hence unstable and
defined as topological defects. For example, n—type (negative density fluctuation) and
p—type defects (positive density fluctuation) are characterized according to the local
volume strain, which is associated with the atomic hydrostatic pressure. According to
Egami’s criterion, n—type defects are atoms with more than 11% local volume expansion,
whereas p—type defects are atoms with more than 11% local volume compression.
Additionally, y—defects are considered as atoms with excessive von Mises shear stresses,
which are assumed to be coupled to the shear localization phenomenon in MGs.
Recently, the suitability of such theory has been proved by Cheng et al. [118]. The

atomic—level pressure is closely correlated with some topological parameters in the
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simulated samples. It is suggested that atoms with low strain energy are preferentially to
form regular clusters, such as <0, 0, 12, 0> in CuesZrss and <0, 3, 6, 0> in Pdg>Sis.
Accordingly, atomic-level stress distributions may also affect the local dynamic and
mechanical properties of MGs. So far, however, few studies have addressed related

issues [127].

In this chapter, MD simulations with EAM potentials [71] were implemented to
determine the properties of CuxZrioo-x (Where x = 35, 50 or 65) MGs. On the basis of
these simulations, MSDs and von Mises shear strain were extracted to describe the local
kinetic and mechanical features of these glassy samples. The results reveal the
significance of atomic—level stresses in determining the local properties of MGs. Atoms
with high von Mises shear stress (y—defects) exhibit faster dynamics in all compositions.
In addition, it is demonstrated here that y—defects are more prone to experience local

plastic deformation than the solid—like matrix.

3.2 Simulation methods

Large-scale atomic/molecular massively parallel simulator (LAMMPS) [128] was
adopted to simulate CuxZrioo-x (Where x = 35, 50 or 65) glasses containing 16,000 atoms.
EAM potentials were employed to determine the interatomic forces in our models [71].
The molecular systems, with periodic boundary conditions applied in all axial directions,
were firstly melted and equilibrated at 2000 K for 2 ns. The samples were then quenched

rapidly from the liquid states to glassy states (50 K) at a cooling rate of 5x10% K/s. After

cooling, the systems were equilibrated for another 2 ns. In the simulations, the time step
was set at 1 fs and isothermal isobaric (NPT) ensemble were employed to control the
temperature and pressure. The structural configurations for each composition at T = 800

K and 50 K were collected to analyze the annealing (800 K) and the shear deformation
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processes (50 K) respectively. A typical 3D configuration of CusoZrso MG is shown in

Figure 3.1(a).

o]

(b)

Figure 3.1 (a) 3D Configuration of the simulated CusoZrso MG. (b) Schematic of shear

loading on a CusoZrso MG by using supercell tilting.

To investigate the local dynamic properties of MGs, rapid quenching processes from

2000 K to 800 K were implemented at 5x10!* K/s under NPT ensemble for three
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different compositions. After cooling, these systems were kept at 800 K to model the
annealing process at constant temperature. The configurations and atom coordinates
were collected over the simulation duration for structural and kinetic analyses. In
addition, shear deformation was simulated at 50 K to probe the local mechanical
behaviors of Cu—-Zr MGs. Figure 3.1(b) shows a schematic representation of pure shear
loading of the CusoZrso sample at 50 K with PBCs. The samples were deformed by
supercell tilting followed by MD relaxation, with a strain rate of 10° s*. The low
temperature (50 K) was adopted here to eliminate the effects of thermal relaxation, as
simulated MGs are usually more prone to thermal activations than real-world glasses

[80].

After recording the 3D configurations of the amorphous samples, radial distribution
functions (RDFs) were computed to prove the reliability of the simulated models. The

partial RDFs are defined as [110]

(0= <ii5(r-n,-)> 1
a "

ii#]j

where V represents the total volume of the system, N, and Ngare the numbers of atoms
of type « and type S, respectively. rjjis the interatomic distance between atom i and j, &

is the dirac delta function, and the angular brackets indicate time average.

The local environment for each atom is reflected by the atomic—level stresses. Egami
and collaborators [66] proposed this concept to demonstrate the local topological
instability in MGs. The six components of atomic—level stresses could be directly
derived from the pair potentials. In this work von Mises shear stress was computed to
study the dynamic and mechanical features of structural defects. The von Mises shear

stress on each atom is computed as [127]
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where y, is the von Mises shear stress on atom i, ¢!, ¢ and ¢° are the three principal

stresses.

Mean square displacements (MSDs) can be used to investigate the local kinetics of
structural defects in MGs. For instance, the MSDs are usually employed to calculate the

diffusivity of materials. The MSD is defined as
MSD = <||ri ©-r (0)|2> (3.3)

where ri(0) and ri(t) respectively represent the position of atom i at the moment 0 and t,

and the angular brackets represent an average on the particles.

In order to examine the shear localization in MGs, von Mises shear strain for each atom
was monitored during the shear deformation processes. Similar to the D?_proposed by

Falk and Langer [129], this parameter is a good measurement of local inelastic

deformation. The local shear invariant can be computed as [130]

2 2 2 2 2 2
. -n.,)+ — ) (1 —
_Mlses z\/n)le _}_7752 +;72 + (nyy 7]22) (77yy nxx) (nxx nzz)

7 Y 5 (3.4)

details on this parameter could be found in ref [130].
3.3 Results and discussion

3.3.1 Radial distribution functions
RDFs are extensively used to verify the reliability of simulation results. The comparison

of the simulated and experimental RDFs is shown in Figure 3.2. The experimental RDFs
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calculated by neutron diffraction (ND) approach were taken from Ref. [131]. After
taking into consideration the different cooling conditions, the three RDFs of the modeled
glasses exhibit remarkable agreement with the experimental values, including the shape,
magnitude and peak location. This consistency validates the implementation of MD to

explore the structure and properties of the real-world Cu-Zr MGs.
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Figure 3.2 Comparison between RDFs obtained by experiment [131] and MD simulation
in three different compositions of CuxZriox MGs. Individual curves are shifted

vertically for clarity.

3.3.2 Atomic-level stress distribution

In this chapter, the structural defects in Cu-Zr glasses are characterized by the different
level of atomic-level stresses. Naturally, the origin of atomic-level stresses is attributed
to the frustrations between the equilibrium state and the local distorted environment [66].

Therefore atoms with excessive stresses are expected to exhibit instability under external
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stimuli, such as thermal perturbations and applied loads. According to Egami’s theory,
there exist three types of structural defects in MGs: namely n—type, p—type and y—type.
Typically, n—type and p—type defects are directly associated with the atomic—level
pressure (or local density), whereas y—defects are characterized by the values of von
Mises shear stress. Here we mainly discuss the characteristics of atoms with high shear
stresses (y—defects), since this parameter is found to be closely related to the local
dynamic and mechanical properties of MGs. In this study, atoms of the same species
were sorted out according to the magnitude of atomic shear stress (from low to high).

y—defects are defined as those atoms with highest atomic shear stress.

(b)

Cu
Zr

Distribution (a.u.)

L L 1 \ 1 A .
0 50 100 150 200 250

v (GPa-A®)

Figure 3.3 Distribution of von Mises shear stress multiplied by atomic volume in

CusoZrso MG.

Figure 3.3 denotes the atomic shear stress distribution in CusoZrso MG. As shown in the
figure, the distribution diagram is non—Gaussian like and highly heterogeneous.
According to Egami and other researchers [66, 118], atoms with highest shear stress are

liquid—like and topologically unstable, while the solid—like matrix is constructed by
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those low-stress atoms. The distributions of atomic shear stress for other two
compositions are also similar (not shown here). Interestingly, with Cu concentration
increasing (from x = 35 to 65), we notice that the average shear stress on Cu atoms

decreases. The average shear stresses on Cu atoms for CussZres, CusoZrsg, CuesZr3s are

73.26, 72.35 and 70.04 GPa-A3 respectively. Such trend may be coupled to the formation

of <0, 0, 12, 0> FI, since many studies reported the ease of FI formation at Cu-rich
compositions [120]. The kinetic and mechanical properties of atoms with highest shear

stress (y—defects) are mainly explored, as discussed in following sections.

3.3.3 Influences of atomic shear stress on local dynamics

In many atomistic simulations, annealing processes at a constant temperature have been
carried out to probe the dynamic heterogeneity of MGs [124]. For instance, Peng et al.
[106] proposed the strong correlations between Voronoi indices and MSDs in Cu-Zr
glasses by modeling annealing processes. The results proved that the VVoronoi index has
significant influence on local kinetics and glass forming ability (GFA) of MGs. To study
the influences of atomic level shear stress, we modeled the annealing processes of
Cu—Zr MGs at 800 K and collected the atomic coordinates. The annealing temperature
selected here is slightly above the reported glass transition temperatures of Cu—-Zr MGs
[73], to ensure that the atomic mobility is relatively high at such temperature. In this
section, the 25% atoms with the highest von Mises shear stress are regarded as y—defects.
To monitor the correlations between the atomic shear stress and local kinetics, the

movement of atoms was tracked during the annealing processes.

MSD is usually considered as an indicator to probe the local kinetics variations in
amorphous alloys, since it unambiguously reveals how fast atoms are transported in

supercooled liquids. In our simulations, The non—Gaussian parameter (NGP) was firstly
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computed to acquire the “maximum non—Gaussian time”, which denotes the time at
which the NGP reaches the maximum. The “maximum non—Gaussian time” is typically
adopted to study the dynamic heterogeneity in supercooled liquids. Such parameter
represents the time when the distribution of atomic motion becomes the most
heterogeneous, which corresponds to the time spot right before the a—relaxation. The

NGP can be computed as

_3(o-sor)
5(1 ) -1 O )

a,(t

(3.5)

In this study, the time interval to study the dynamic heterogeneity was chosen to be 20
ps (maximum non-Gaussian time). The local dynamics was then evaluated by
monitoring the atomic displacement for this time interval. 500 simulation runs were
performed and averaged, with the same initial configuration but different distribution of
initial momenta of atoms. By averaging the MSDs, the effect of initial momenta
distribution is eliminated, and atomic mobility can be directly related with the von Mises
shear stress. The correlation between local dynamics and y—defects is shown in Figures
3.4 (a) to (c). In the figures, Cu and Zr atoms were firstly sorted by their displacement
from low to high. Then the atoms were divided into 10 groups, each containing 10% of
the total Cu or Zr atoms. The fraction of y—defects was then computed within each group,
as illustrated by the histogram. The left and right ends respectively represent the slowest
and fastest groups. The fraction indicates whether y—defects could be correlated with the

distribution of local kinetics.
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Figure 3.4 Correlations between y—defects and atomic mobility in CuxZrigox glass
forming liquids. Cu and Zr atoms are sorted by their displacement from low to high.
Atoms are then divided into 10 groups, each containing 10% of the total Cu or Zr atoms.
The left and right end represent the 10% atoms with the lowest and highest mobility,

respectively. The histogram shows the fraction of y—defects in each group.
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As shown in Figures 3.4 (a) to (c), the lower the atomic mobility, the lower the
concentration of y—defects. In all compositions, it can be seen that y—defects tend to
exhibit faster dynamics during the annealing processes, and hence can be regarded as
liquid—like atoms in glass forming liquids. Such finding indicates the universal
correlation between atomic shear stress and local kinetics in Cu—Zr supercooled liquids.
During the annealing processes, y—defects are easier to be activated, showing faster
dynamics than those low-stress atoms. Such finding can be explained by the local
activations of atoms for structural relaxations. As proposed by Spaepen et al.[48],
activations or rearrangements of atoms in supercooled liquids are accompanied with the
overcoming of energy barriers. At low temperature, atoms are mostly encaged by their
surrounding neighbors, due to the insurmountable energy barriers (high viscosity) in
glasses. With external stimuli (e.g., thermal perturbations or applied loads), high-stress
atoms are prone to be activated and transformed into low-stress (stable) states. This may
explain why unfavorable atoms (y—defects in this study) generally exhibit faster
dynamics during the annealing processes. The fluctuations of atomic level stress account

for the inhomogeneous distribution of local dynamics in glass forming liquids.

Compared to the Voronoi index, atomic-level shear stress is proved to be a system-
independent parameter to characterize the structural defects in glass forming liquids,
especially suitable for those icosahedra-poor glasses (e.g., CussZres MG). Based on the
results, we found that atomic shear stress distribution fundamentally determines the local

dynamic properties of MGs.

3.3.4 Influence of atomic shear stress on local mechanical responses
The Achilles heel of BMGs is their low-temperature brittleness, which is commonly

considered to stem from the formation of localized shear bands. A comprehensive
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understanding of shear localization mechanism is therefore helpful for researchers to
develop BMG formers with improved plasticity. For instance, FI are believed to exhibit
high stability and shear resistance in CuesZrss glass, while loosely packed clusters tend
to undergo plastic deformation under external loads [120]. This section examines the
general dependence of von Mises shear stress on local mechanical responses of Cu-Zr

glasses.
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Figure 3.5 The average atomic shear strain evolutions of y—defects and solid—like atoms
for (a) Cu and (b) Zr atoms during shear deformation in three different compositions.

Individual curves are shifted horizontally for clarity.

Like Falk and Langer’s D2._[129], atomic local shear strain 5" can be extracted to

characterize the local plastic transformation at the atomic level. Atomic coordinates
were collected during the simulated shearing processes to monitor the 7" for each
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atom. We sorted out atoms of the same species according to the magnitude of the von
Mises shear stress (from low to high). According to Egami's definition, atoms with
excessive shear stresses are regarded as y—defects in glasses, whereas atoms with low
shear stress are stable and solid—like. To identify the local mechanical variations in MGs,
the average local shear strain 7™ of y—defects (atoms with highest 5% shear stress)
was compared with that of solid—like atoms (atoms with lowest 5% shear stress). Only 5%
atoms with the highest and lowest von Mises shear stress were chosen to clearly show
the mechanical difference between y—defects and solid—like entities. One should notice

that the characterization of y—defects in this section is more strict than previous one.

Figure 3.5 illustrates the comparison between the average shear strain of y—defects and
the values of solid—like atoms in different compositions. Apparently, y—defects exhibit
larger shear strain than solid—like atoms in all compositions, suggesting that y—defects
generally serve as fertile sites to initiate shear events, while the solid—like atoms are
mechanically stable and shear resistant. The shear banding localization can therefore be
correlated with the fluctuations of atomic shear stress in glasses. In addition, we also
modeled the pure shearing for NigoP20 MG (not shown here, since this work is regarding
Cu-Zr MGs) to detect the instability of y—defects in other MGs. The result similarly
suggests that y—defects exhibit higher mechanical instability than solid—like entities.
Moreover, many previous studies reported that the yield strength of Cu-Zr MGs also
increases with increasing Cu content (maximum around CuesZrss composition) [12]. As
noted in section 3.3.2, it is found that the average shear stress of Cu atoms decreases as
Cu fraction increases. Since atomic shear stress is intimately related with local stiffness,
such trend may explain the higher overall strength of Cu-rich glasses from another

aspect. The possible reason of shear stress reduction (from Zr—rich to Cu—rich) may be
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attributed to the enrichment of densely packed clusters (pentagonal polyhedra), which is

discussed in many studies [120].
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Figure 3.6 The PRSTZ evolutions of y—defects and solid—like atoms for (a) Cu and

(b) Zr atoms during shear deformation in CusoZrso MG.

As mentioned above, y—defects are prone to undergo localized shear events in MGs. To

give more information on shear localization, we followed recent studies [70, 132] to
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compute the quantitative participation ratio of shear transformation zones (PRSTZZ) to
examine the propensity of defective and stable atoms for strain localization. PRSTZZ

represents the fraction of atoms in group A that possess 7" larger than the average

shear strain of group S. In this work, group S represents all Cu/Zr atoms, and group A is
respectively defined as y—defects and solid—like atoms. If the local shear strain of an
atom in group A is higher than the average shear strain of group S, then this atom is
considered to have already participated in plastic deformation, and vice versa. Therefore,

PRSTZ{ can reflect the tendency of atoms in group A to participate in plastic
deformation. The PRSTZZ of y—defects and solid-like atoms in CusoZrso glass are

compared in Figure 3.6. The PRSTZs comparisons of other two compositions are also
extracted and exhibit similar features with CusoZrso glass (not shown here). Clearly,

y—defects exhibit larger PRSTZ{ than solid—like atoms, implying that y—defects are

more preferential to participate in STZs than elastostatic regions.

Rather than Voronoi polyhedra, which only refers to the nearest-neighbor atom
arrangements, atomic level stress can provide additional information regarding the
medium-range level, since the force field of MD simulations is beyond the first
coordination distance. In addition, such concept is generally applicable to identify the
structural defects in most glasses and supercooled liquids. Thus this parameter serves as
another representative indicator to study the structural fluctuations in MGs. This
simulation work proves that local shear properties of MGs are sensitively dependent on
the atomic shear stress. Furthermore, it is expected that the atomic level stress may be
coupled to the Voronoi polyhedra in some systems, since both low-stress atoms and full
icosahedra are shear resistant in CuesZrss MG [133]. For instance, Cheng et al. [134]

suggested that the shear modulus of Cu—Zr MGs is dependent on the atomic level stress,
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implying the intrinsic connections between local fivefold symmetry and atomic shear
stress, which may provide further understanding of the structural heterogeneity in MGs.
The relationship between atomic level stress and VVoronoi index is discussed in the next

chapter.

3.4 Summary

In conclusion, atomic—level stress fluctuations are closely related with the local kinetic
and mechanical responses in modeled CuxZrigox MGs. Other than Voronoi index,
atomic—level stress is proven to be a generic parameter to identify structural defects in
MGs. In addition, y—defects with high atomic shear stress exhibit faster dynamics than
solid—like atoms. The investigations on MSD evolutions suggest that the local dynamics
is significantly affected by the von Mises shear stress. Furthermore, by modeling shear
deformation processes, it is proposed here that that y—defects are also fertile sites for

local inelastic deformation.
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CHAPTER 4 SOLID-LIKE AND LIQUID-LIKE NETWORKS IN

ZR-CU-AL METALLIC GLASS

Based on MD simulations, this chapter discusses the medium-range superclusters
observed in ZrsCussAls MGs. Voronoi tessellation and nearest-neighbor correlation
index were adopted to demonstrate the relationships between medium-range networks
and local fivefold symmetry. The samples consist of superclusters of atoms with high
degree of local fivefold symmetry, and superclusters of atoms with low degree of local
fivefold symmetry. In addition, strong avoidance is presented between these two types
of atoms. Such spatial heterogeneity is directly linked with the intrinsic mechanical

heterogeneity of MGs.

4.1 Introduction

MGs are conventionally considered as metastable materials with intrinsic heterogeneity
[12, 135, 136]. In recent decades, numerous studies have been carried out to elucidate
the structural and mechanical heterogeneity of MGs at microscopic level. One long-
standing issue in this field is the characterization of structural order (solid-like) and
defects (liquid-like). Typically, liquid-like sites in MGs are expected to exhibit lower
stiffness and serve as fertile sites for local shear transformation, which leads to the
catastrophic failure at low temperature [137]. In contrast, solid-like regions are relative
stable and resistant to external stimuli (thermal perturbations, stress etc). Experimental
evidence has been reported regarding the viscoelastic heterogeneity observed in the as-
deposited MG film, and the characteristic length (2.5 nm) seems to be related with the

medium-range structure of glasses [138].
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By means of computer simulations, various structural parameters (e.g., free volume,
atomic-level stress, VVoronoi clusters) have been proposed to describe the discrepancies
between solid-like and liquid-like atoms [48, 66, 139-141]. For instance, the
predominance and stability of atoms with high degree of local fivefold symmetry
(HLFFS) have been confirmed in many glassy systems [64, 68, 72, 122, 142, 143].
Particularly, icosahedral short-range ordering has aroused extensive attention in the
structural motifs of MGs [70, 86, 121, 144]. In some cases, MRO is characterized by
several superclusters (or networks) formed by the percolation of icosahedral SRO [145,
146]. Peng et al. [106, 123] and Li et al. [147] conducted MD simulations to explore the
spatial correlations and dynamical features of different VVoronoi polyhedra in Cu-Zr
MGs. Their findings include: (i) FI clusters tend to build networks by connecting with
one another; (ii) Cu-centered FI also tend to be the nearest neighbors of other HLFFS
clusters (such as Zr-centered <0, 1, 10, 5>), and (iii) HLFFS clusters generally exhibit
slower kinetics during annealing process. Cheng et al. [80]investigated the links between
local structure and shear properties in Cu-Zr and Cu-Zr-Al MGs. The FI backbones and
low-population clusters in the glassy samples exhibit different resistance towards
shearing. Hwang et al. [148] also proposed the correlations between medium-range
structural fluctuations and VVoronoi index by implementing RMC simulations. Following
previous studies, the MRO of Cu-Zr MGs is primarily attributed to the interconnection
of FI, and such backbones exhibit high stability under external disturbances. On the
other hand, low-population polyhedra are assumed to be unfavorable or liquid-like
entities in glasses [149]. Nevertheless, the characteristics of those low-population
clusters remain a long-standing mystery for researchers, hampering our understanding of

the medium-range structure and structure-property relationship in MGs.
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Another indicator to identify the defective sites in MGs is the atomic level stress theory
proposed by Egami et al. [66]. This concept attributes the topological instability of
structural defects to the excessive stresses on atoms. Based on Egami’s criterion, atoms
with higher stress and strain energy are considered to be unfavorable and liquid-like.
Cheng et al. [118] carried out atomistic simulations to examine the intrinsic links
between the local topology and atomic strain energy in CuesZrzs and PdsSiig MGs.
Particularly, the bifurcation of CN and atomic volume is attributed to the fluctuations of
atomic level pressure. As aforementioned in chapter 3, atomic level stress is also linked
with the local dynamic and mechanical properties of atoms in Cu-Zr MGs. Atomic level
stress seems to be a good indicator to characterize the structural order and defects on the
short-range scale. To a certain extent, VVoronoi index and atomic level stress theory
provide similar explanation of the solid-like and liquid-like atoms in glasses. Therefore
it would be interesting and necessary to examine the relationships between atomic-level

stress and VVoronoi index in MGs.

In this chapter, MD simulations were implemented to get an insight into the atomic
landscape of ZrssCussAls MG, which is a typical model used to study the characteristics
of BMGs. Such structural model can reveal the spatial arrangements of atoms (structural
heterogeneity) on the medium-range scale, although there exist inevitable discrepancies
between simulated and real-world MGs. The medium-range structure in MGs is directly
linked with the local fivefold symmetry (Voronoi index). Solid and liquid-like networks
in the MGs are thus defined according to such correlations. Additionally, the mechanical
differences between solid-like and liquid-like regions are studied by modeling a shear
deformation process. Furthermore, this chapter correlates the structural inhomogeneity

to the atomic level stress distribution in glasses. Such correlations may give valuable
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explanation of microscopic mechanisms underlying the structural and mechanical

heterogeneity in MGs.
4.2 Simulation methods

4.2.1 Computational models

LAMMPS [128, 150] software was adopted to investigate the characteristics of solid and
liquid-like networks in glassy metals. Classical MD simulation was adopted to obtain a
54,000-atom configuration of ZrssCussAls MG, with interatomic interactions determined
by EAM potentials. PBCs were applied on three axial directions. The initial positions of
Zr, Cu and Al atoms were randomly arranged in a bcc supercell. The system initial
temperature was kept at 2000 K for 2, 3 and 4 ns respectively. NPT quenching (zero
pressure) from the melts (2000 K) to 50 K at a cooling rate of 10! K/s was then
performed to obtain the amorphous samples. Averaged results of these 3 MG models

were investigated to explore the solid and liquid-like regions in ZrsCussAlg MG. In

Mises

addition, von Mises shear strain 7" was monitored to unveil the intrinsic relationships

between solid-like/liquid-like sites and local shear resistance, by employing the open
visualization tool (OVITO) software [151]. To detect the structure-property correlations,
the sample obtained at the cooling rate of 10 K/s was deformed along the xz direction
by using supercell tilting at 50 K. Moreover, the average atomic shear stress on various
polyhedral types was computed to demonstrate the suitability of atomic-level stress

theory regarding the short and medium-range structure of MGs.

4.2.2 Calculation of nearest-neighbor correlation index
On the short-range scale, the microstructures of MGs are representatively demonstrated
by the Voronoi tessellation method [64]. Following previous simulation studies [106],

the spatial distributions of various VVoronoi clusters on the medium-range scale can be
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revealed by monitoring the nearest-neighbor correlation index Cj; between central atoms
of polyhedral types i and j. According to Ref. [147] , the number of the nearest
neighbors of types i and j is denoted as mjj, and Pita represents the total number of
nearest-neighbor pairs in the whole system. Then we denote the probability of
polyhedral types i and j being nearest neighbors as pij = mij/Pwta. On the other hand, if
Vornoi clusters are spatially uncorrelated (randomly distributed), then the probability of
polyhedral types i and j being nearest neighbors is merely determined by their fractions,

and this parameter is given by

2nn,
T (i=])
ij = (4.1)
ni(nj _1) ..
NN_D) (i=1])

where n; (n;) represents the number of atoms of index i (j), and N is the total number of
atoms in the system. Then the nearest-neighbor correlation index is determined by

B

C.
P

ij

1 (4.2)

Accordingly, Cij represents the spatial correlations between the central atoms of different
polyhedra types. A random distribution of polyhedra types i and j gives a zero value of
Cij. Positive values of Cj indicate strong correlations (or connectivity) between
polyhedra i and j (the central atoms of polyhedra types i and j are likely to be nearest
neighbors), while negative values indicate anticorrelation (there is strong avoidance

between the central atoms of polyhedra types i and j).
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Figure 4.1 Fractions of the most populated VVoronoi polyhedra in ZrssCussAls MG.
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4.3 Results and discussion

4.3.1 Solid-like and liquid-like networks on the medium-range scale

To examine the microstructures of the simulated glasses, atomic coordinates are firstly
analyzed by employing radical Voronoi tessellation method. The Voronoi index
<ns, hs, Ns, Ne> is extracted to describe the topological arrangements of atoms on the
short-range scale. Figure 4.1 shows the fractions of the dominant coordination polyhedra
in ZrssCussAls MG (obtained at a cooling rate of 10 K/s). The results present the
prevalence of HLFFS atoms in the glass, such as Cu or Al-centered <0, 0, 12, 0> Fl and
Zr-centered <0, 1, 10, 5> etc. Such finding shows good agreement with other simulation
studies [71]. In general, HLFFS atoms are believed to exhibit higher stability and
stiffness, and their interconnections give rise to the MRO or solid-like backbones in
MGs [152, 153]. On the other hand, there is still a pressing demand to interpret the
structural and mechanical features of low-population clusters, such as atoms with low

degree of local fivefold symmetry (LLFFS).

By computing the nearst-neighbor correlation index Cij, Figure 4.2 illustrates the spatial
correlations of various VVoronoi polyhedral. Clusters with different number of pentagonal
faces (from high to low) are systematically investigated in the diagram, in order to
explain the dissimilar structural features of HLFFS and LLFFS atoms. The correlation
strengths for different clusters can be represented by the color schemes in such matrix.
For instance, a strong avoidance between two polyhedral types is marked by a dark blue
element, while a preference for interpenetrating networks is colored in red. Additionally,
the correlation map is separated into nine regions demarcated by the thick black lines,
representing the correlations of different pairs (Cu-Cu, Cu-Zr, Cu-Al, Zr-Zr, Zr-Al and
Al-Al). Since the ratio of Al element is quite low in the ZrssCussAlg system, the

correlation map of Al-Al pair mainly illustrates the chemical affinity of Al-Al bonds.
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Figure 4.2 Correlation matrix of different coordination polyhedra in ZrssCussAls MG.

The colors represent the correlation strength (see text for details).

As presented in the figure, connections between Al and Al atoms are rarely found in the
system, indicating the strong avoidance of Al-Al pair. In addition, the correlation
strengths between two types of Al-centered clusters may be misleading and hence are
neglected in this work. An exception is the correlation index between Al-centered <0, 0,
12, 0> and Al-centered <0, 0, 12, 0>, as the Al-centered FI has relatively large
populations in the samples. Although numerous studies suggested the preference of Fl to
form interpenetrated networks, it is observed in the figure that Al-centered FI tends to

keep away from one another. Such observation is validated by the RDFs from
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experimental and MD results, as the first peak of partial Al-Al RDF disappears in Zr-Cu-

Al MGs [71].

For the other five pairs, the lower left and upper right corners generally exhibit positive
values of Cj;, while the lower right and upper left corners exhibit negative values of Cij;.
Such findings suggest that HLFFS atoms likely to build up percolated networks (MRO),
which is typically believed to be the stable backbones in MGs. In addition, similar
networks (or superclusters) formed by the interconnection of LLFFS atoms are also
observed in this work, which have rarely reported in previous experiments and
simulations. On the other hand, strong avoidance is observed between HLFFS and
LLFFS atoms, indicating the significant discrepancies between these two types of atoms,
which may implicit the structural and mechanical heterogeneity in MGs. In other words,
LLFFS atoms are not isolated but aggregated into networks or superclusters. The
correlation length of such networks is several nanometers, showing good agreement with
the characteristic length of mechanical heterogeneity reported in MGs (1 to 10 nm) [138,
154-158]. For instance, Cu-centered <0, 0,12, 0> are likely to percolate with Cu-
centered <0, 0, 12, 0>, Al-centered <0, 0, 12, 0>, Zr-centered <0, 0, 12, 3>, <0, 0, 12, 4>
and <0, 0, 12, 5>. However, Cu-centered <0, 0, 12, 0> shows strong avoidance with
LLFFS atoms, such as Cu or Al-centered <0, 4, 4, 4> and Zr-centered <0, 4, 4, 8>.
Moreover, Cu-centered <0, 4, 4, 4> tends to connect with other LLFFS atoms. 21
polyhedral types are selected in this work to investigate the spatial correlations of
different polyhedra. In addition to these 21 polyhedral types, the correlation indices
between other HLFFS and LLFFS atoms (not shown here) also present similar features.
Owing to the distinct discrepancies between HLFFS and LLFFS atoms, and the similar
length scales of the medium-range networks and the mechanical heterogeneity, HLFFS

and LLFFS networks are expected to be solid-like and liquid-like regions. Interestingly,
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our findings are remarkably consistent with a recent published work by Hu et al. [159].
Figure 4.3 denotes the correlations between the local fivefold symmetry and the spatial
distributions of atoms in CussZrseAls and MgessCu2sY 10 glass-forming liquids. At the
medium-range level, the degree of local fivefold symmetry also significantly determines

the spatial distributions of different VVoronoi clusters.

Figure 4.3 Correlation matrix of atoms with difference degree of local fivefold
symmetry in (a) CuseZrssAlg and (b) MgesCu2sY10 glass-forming liquids at T = 1.2 Ty

[159]. (The correlation maps exhibit similar features at different temperatures).

The correlation matrix suggests the inhomogeneous distribution of HLFFS and LLFFS
atoms in the ZrssCussAls MG. To obtain a straightforward insight into the structural
heterogeneity, the distribution and configurations of HLFFS and LLFFS networks (or
superclusters) are shown in Figures 4.4(a) and (b). There is not a clear criterion about
how many pentagonal faces should correspond to a HLFFS or LLFFS polyhedron.
However for simplicity of explanation, in the following we characterize atoms with
twelve pentagonal faces as HLFFS particles (such as Cu and Al-centered <0, 0, 12, 0>,
Zr-centered <0, 0, 12, 3>, <0, 0, 12, 3>, <0, 0, 12, 4>), while atoms with no more than
four pentagonal faces as LLFFS particles (such as Al-centered <0, 4, 4, 5>, Cu-centered
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<1, 3,4, 4>, Zr-centered <0, 4, 4, 7>). There is not a clear criterion about how many
pentagonal faces should correspond to a HLFFS or LLFFS polyhedron. However for
simplicity of explanation, in the following we characterize atoms with twelve pentagonal
faces as HLFFS atoms (such as Cu and Al-centered <0, 0, 12, 0>, Zr-centered
<0,0,12,3>, <0,0,12,3> <0,0,12,4>), while atoms with no more than four
pentagonal faces as LLFFS atoms (such as Al-centered <O, 4,4,5>, Cu-centered
<1, 3,4, 4>, Zr-centered <0, 4, 4, 7>). Other atoms with 5 to 11 pentagonal faces are

hence referred to as intermediate states.

The networked HLFFS atoms (green spheres) are clearly depicted in Figure 4.4(a),
representing the MRO or solid-like backbones in MGs. LLFFS atoms (red spheres) also
display spatial heterogeneity and build interpenetrated networks. Nevertheless, the
correlations between HLFFS and LLFFS atoms are found to be relatively weak.
Figure 4.4(b) displays the configurations of one HLFFS and one LLFFS supercluster,
indicating the medium-range structures in this system. Accordingly, the HLFFS and
LLFFS networks provide revealing information regarding the structural heterogeneity on
the medium-range level, and these networks may fundamentally determine the
dynamical and mechanical heterogeneity in MGs. Specifically, the LLFFS superclusters

may serve as defective sites in relation with the overall properties of MGs.

Although the medium-range structures in MGs are intimately linked with the local
fivefold symmetry (Voronoi indices), here we stress that chemical effects also play an
important role in determining the medium-range networks. For instance, although FI are
likely to build percolated networks, the anticorrelation between Al-centered FI
themselves is observed and mainly caused by the strong chemical avoidance of Al-Al

pair. However, such relationship is beyond the scope of this work.
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(b)

Figure 4.4 (a) Spatial distributions and connections of HLFFS and LLFFS atoms in the
Zr1CussAls MG within a thickness of 6 A. Only HLFFS and LLFFS atoms are displayed
for clarity. For the spatial heterogeneity in glass, HLFFS atoms (colored green) are
percolated and form networks, and LLFFS atoms (colored red) have the similar tendency.
The connectivity between HLFFS and LLFFS atoms is weak. (b) 3D configurations of
two networks respectively formed by HLFFS and LLFFS atoms. The Cu, Zr and Al

atoms are colored purple, red and yellow, respectively.
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4.3.2 Influences of atomic level stress on local topology

The structural heterogeneity of MGs can be correlated with the atomic level stress and
its distribution. Previous studies reported the influence of atomic level pressure on
atomic sizes, CNs and short-range order [66, 118]. In our study, the degree of fivefold
symmetry in MGs is observed to be related with atomic shear stress. Additionally, the
stress fluctuations are found to extend on the medium-range scale, indicating that the
short-to-medium range order is significantly influenced by the local stress (energy) of

atoms.
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Figure 4.5 Distribution of atomic shear stress multiplied by atomic volume in

Zr46CuseAls MG. o, -v; could be directly extracted from the MD simulation; to further

calculate the atomic level shear stress, the atomic volume for each atom should be

defined (or use the average atomic volume).

The atomic level stress for each atom can be derived following the original work of Ref..
This work will focus on the shear component, that is, the von Mises shear stress. Figure
4.5 illustrates the atomic shear stress distribution of three different elements in our
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model, which is non-Gaussian like. According to Egami et al. [66], atoms with excessive
shear stress are likely to be plastically deformed and are thus defined as y-defects.
Interestingly, we found a close correlation between atomic shear stress and coordination
types by calculating the average shear stress on different polyhedra, as shown in Table
4.1. It is observed that HLFFS atoms (like FI) typically have smaller shear stress, while
LLFFS atoms possess larger shear stress. This suggests that the local topology in MGs is
strongly related to the atomic level stress on each atom. However, atomic level stress is
only an average parameter and unable to clearly reflect local structural and chemical
distortions. A quantitative theory is still required to explain the structural inhomogeneity

in MGs.

Table 4.1 The average atomic shear stress (multiplied by atomic volume) for different

Voronoi polyhedra in Zr4sCussAls MG.

Cu-centered Atomic Zr-centered Atomic Al-centered Atomic
shear stress shear stress shear stress
(GPa-A%) (GPa-A%) (GPa-A%)
<0,0,12,0> 113.83 <0,0,12,4> 146.91 <0,0,12,0> 128.21
<0,2,8,2> 129.06 <0,1,10,5> 148.13 <0,2,8,2> 145.18
<0,3,6,3> 127.03 <0,2,8,6> 150.00 <0,3,6,3> 142.92
<0,4,4,4> 128.26 <0,3,6,7> 152.49 <0,4,4,4> 150.98
<0,4,4,8> 163.92

In addition, to study the relationship between atomic shear stress and spatial distribution
of atoms, we sorted atoms of the same species according to the magnitude of the atomic
shear stress (from low to high). All the atoms sorted are binned into five groups, with
each group containing 20% of the total atoms and having larger atomic shear stress than
the previous group. Specifically, we computed the correlation index Cjjfor those atoms
with highest or lowest shear stress, as shown in Table 4.2. The total average values of Cj;

indicate the overall spatial correlations for different pairs, and the values represent the
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chemical affinity of different pairs. Specifically, we found that the highest-highest and
lowest-lowest pairs possess larger Cjjthan the total average value, indicating that atoms
with similar shear stress are likely to agglomerate together. The smaller Cj; of highest-
lowest pair suggests the avoidance between high-stress and low-stress atoms. It is
therefore concluded that atoms with similar shear stress are likely to be interconnected,

forming the medium-range networks in MGs.

Table 4.2 Spatial correlation index Cjj of atoms with highest/lowest atomic shear stress.

Spatial correlation index (Cj)
Total average  lowest-lowest  lowest-highest highest-highest

pair pair pair
Cu-Cu -0.38 -0.21 -0.41 -0.41
Zr-Zr 0.20 0.23 0.14 0.30
Cu-Zr 0.11 0.18 0.02 0.18
Cu-Al -0.23 -0.19 -0.24 -0.16
Zr-Al 0.18 0.18 0.08 0.40
Al-Al -0.74 -0.68 -0.80 -0.72

Furthermore, the spatial heterogeneity in MGs is influenced by each component of the
stress tensor. Figures 4.6(a) and (b) respectively illustrate how the spatial distributions of
atoms are affected by ¢ and 7% in the system (the influence of +” and & should be
similar to ¢* and that of 7 and z”* should be similar to z¥ ). Only atoms with
excessive positive stresses (colored red) and atoms with excessive negative values
(colored blue) are displayed in these two figures for clarity. Our results reveal that atoms
with similar ¢ or z¥ tend to percolate among themselves, and the connections are
found to reach the medium-range scale (nm). Accordingly, all the stress components
(three normal stresses and three shear stresses) should contribute to the spatial

heterogeneity founded in MGs, involving the short-to-medium range structure of the

simulated glass. Based on above investigations, we can therefore conclude that the short-
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to-medium range structure mainly reflect the stress distribution (which also implies the

local energetic stability) in MGs.

Figure 4.6 Spatial distribution of Cu atoms with excessive positive/negative atomic

stress in terms of (a) ¢ and (b) z within a thickness of 6 A, to illustrate the

dependence of atomic level stress on spatial heterogeneity in MGs. Only atoms with
excessive stress are displayed for clarity. Atoms with excessive positive stress (colored
red) are heterogeneously distributed and tend to form percolated networks, and atoms
with excessive negative stress (colored blue) have the similar trend, indicating atoms

with similar stress are likely to be percolated.

During the rapid cooling process of MGs, naturally some atoms can find relatively
“comfortable” environment (corresponding to low-stress states), while some are
“unhappy” and unstable (corresponding to high-stress states). Those low-stress (stable)
particles cluster together and form the solid-like matrix, whereas high-stress (unstable)
particles similarly build up liquid-like superclusters. This study reveals the existence of

the medium-range networks formed by LLFFS atoms, as well as the mechanisms
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underlying the structural heterogeneity in MGs. Thus, local stress or energy fluctuations

account for the structural heterogeneity found in amorphous systems.

4.3.3 Mechanical discrepancies between solid-like and liquid-like regions

Shear stress (GPa)

0.0 0.1 0.2 03

Shear strain
Figure 4.7 Overall stress—strain curve of ZrssCussAlg MG under pure shear loading.

Figure 4.7 shows the overall shear stress—strain curve of ZrssCussAlg MG. In the plastic
regime (¢ > 7%), liquid—like atoms commence to be plastically deformed, because
structural defects are expected to exhibit instabilities under shear deformation. With
increasing stress, more and more liquid—like atoms are activated to connect with each
other, leading to the irreversible macroscopic strain. As we mentioned in previous
sections, the networks formed by HLFFS and LLFFS atoms are predicted as solid and
liquid-like regions respectively. To validate this assumption, their mechanical
performances during shear deformation are examined by tracking the von Mises shear

strain »""** of each atom. Similarly, atoms with twelve pentagonal faces are defined as

HLFFS particles, while atoms with no more than four pentagonal faces are LLFFS

particles. Figure 4.7 shows the average shear strain 5" for different groups of atoms.

81



At a strain larger than 7%, the HLFFS atoms exhibit smaller »"** than that for all atoms,
whereas LLFFS atoms exhibit larger »"** than the average value. This finding suggests

the mechanical instability of LLFFS regions, and their high propensity for plastic
deformation under external loads. Additionally, the HLFFS networks are relatively

stable and exhibit high resistance to shear transformations.
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Figure 4.8 The average atomic shear strain evolution of HLFFS and LLFFS atoms for (a)
Cu, (b) Zr and (c) Al versus overall shear strain during the pure shear deformation of

Zr46CussAls MG.
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Figure 4.9 Correlations between local plastic deformations and HLFFS and LLFFS
atoms. This figure displays the cross-section view of a deformed ZrssCussAls sample, at
shear strain of 10%. The colors are mapped to the various levels of von Mises shear
strains. The dark blue regions are elastically deformed while the green ones have
participated in plastic deformations. Two elastic and two plastic regions are circled out
and their local structures are illustrated in the insets. For clarity, only HLFFS and
LLFFS atoms are shown in the insets. For the elastic regions, HLFFS atoms (colored
green) are dominant and few LLFFS atoms (colored red) are observed. While in the
plastically deformed regions, LLFFS atoms are abundant and HLFFS atoms are rarely

found.
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To study how HLFFS networks resist local plastic deformations and how LLFFS
networks serve as fertile sites for shear transformations, a specific configuration of our
deformed model is shown in Figure 4.8. Regions with high fraction of HLFFS atoms are
elastically deformed (indicated by small shear strain), while regions with high fraction of
LLFFS atoms are likely to participate in shear transformations (indicated by large shear
strain). Therefore, our results suggest that the HLFFS and LLFFS networks should be
the solid- and liquid-like regions in this model, especially in terms of the mechanical
heterogeneity of MGs. The plastic flow is initiated mainly by the flow of liquid-like
networks formed by LLFFS atoms, which may account for the shear transformation

zones (STZs) and shear localization phenomenon in MGs.

4.4 Summary

In summary, we monitored the networks formed by HLFFS and LLFFS atoms in
Zrs6CuseAlg MG. Our analysis provides an insight into the structural and mechanical
heterogeneity of MGs. In addition to the solid-like backbones formed by HLFFS atoms,
there are also networks formed by LLFFS atoms, which represent the liquid-like
(unstable) regions in glassy metals. Our quantitative analysis in terms of atomic level
stress reveals the correlations between atomic shear stress and local fivefold symmetry
(regarding the short-range structure in MGs). Additionally, the spatial connections of
atoms (medium-range structure) are significantly affected by the atomic level stress.
These findings provide the microscopic origins of structural heterogeneity in MGs. The
mechanical heterogeneity of MGs was investigated by simulating a pure shear loading
process. It is revealed that LLFFS atoms are likely to initiate plastic flow, while HLFFS
entities are resistant to plastic deformation. Such observation validates our assumption
that the HLFFS and LLFFS networks respectively represent the solid-like and liquid-like

regions in this model.
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CHAPTERS CHEMICAL SHORT RANGE ORDER AND ITS

CORRELATIONS WITH DYNAMIC/MECHANICAL

HETEROGENEITIES IN ZR-CU-AG METALLIC GLASS

This chapter examines the formation of chemical short range order and its influences on
the dynamic and mechanical heterogeneities in ZrssCussAgio alloys. MG samples were
prepared under different cooling histories via classical MD simulations. The temperature
dependence of Warren-Cowley parameter reveals the rapid growth of chemical short
range order during the supercooling process. In addition, mean square displacement and
von Mises shear strain were extracted to respectively investigate the dynamic and

mechanical heterogeneities in these samples.

5.1 Introduction

The unique attributes of MGs, e.g. high yielding strength, good corrosion resistance,
low-temperature brittleness, are commonly believed to stem from the topological and
chemical fluctuations at the microscopic level [12, 160]. Over the past decades, the
TSRO and its effects on the macroscopic and microscopic characteristics of MGs have
been extensively explored by experiments and simulations. As aforementioned, various
theories and parameters, such as free volume, atomic-level stress, CN, Voronoi index,
have been proposed to unveil the characteristics of TSRO in MGs [49, 66, 72, 80, 118,
161]. For instance, the high-frequency dynamic micropillar tests by Ye et al. [156]
revealed that the free volume zones account for the local inelastic deformation in MGs.
Li et al. [162] also claimed the similar conclusions by implementing atomistic

simulations. In addition, numerous simulations suggested the prevalence and stability of
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local fivefold symmetry in MGs. An experimental observation of local atomic order has

also been achieved by conducting nanobeam electron diffraction tests [163].

On the other hand, there are only a few studies devoted to monitor how chemical make-
up affects the local properties in MGs. By using atomistic simulations, solute-centered
clusters were reported as the representative motifs in various glass-forming systems [64].
The results suggested the existence of CSRO in amorphous alloys, which is termed as
the “solute-solute avoidance” phenomena. In some cases, CSRO parameters were
extracted to examine the temperature and composition dependence of CSRO in MGs
[164-166]. In addition, the relaxation dynamics of Cu-Zr-Ag MGs has been examined
by Fujita et al. [167]. The displacement measurements confirmed that atoms in Ag-rich
regions exhibit faster dynamics than those in Ag-poor regions, which may explain the
improved glass forming ability (GFA) with Ag addition to Cu-Zr alloys. Moreover,
plasticity enhancement has been discovered in many phase-separated multicomponent
MGs, which typically has positive enthalpy of mixing between two alloying elements
[160]. Chen et al. [168], Sung et al. [169] and Park et al. [170] reported the plastic limit
up to 16.3%, 8% and 4.2% in as-quenched Cua7.2Zrs65Als5Nbos, CussZrasAlzAg7 and
Cus7TizsZr7NbaNigSis BMGs, respectively. In CuassZrasAlzAgr glass, the Cu-enriched
and Ag-enriched zones are experimentally detected and expected to exhibit different
mechanical properties [171]. Accordingly, chemical inhomogeneity may be regarded as
a possible reason for the ductility improvement in those phase-separated alloys.
Therefore, an atomistic simulation study is necessary for understanding the microscopic

characteristics of the intrinsic chemical fluctuations in multicomponent MGs.

As phase separation has been observed in Ag-Cu-Zr systems [172], this work aims to
figure out the underlying relationships between chemical, dynamic and mechanical

inhomogeneity in ZrssCussAgio glasses. By using classical MD simulations, amorphous
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ZrssCussAgio alloys were prepared under different cooling rates. On the basis of these
simulations, CSRO parameters, atomic potential energy, MSDs and von Mises shear
strain were extracted. The results demonstrate that the formation of CSRO is
significantly attributed to the improved energetic stability during supercooling.
Additionally, the local dynamic and mechanical properties of MGs are strongly

dependent on the chemical heterogeneities.
5.2 Simulation methods

5.2.1 Computational models

An open code software for classic MD simulations, LAMMPS, was adopted to study the
CSRO and mechanical performances of MGs [128]. Our simulation model was
Zr45CussAgio made of 16,000 atoms. The EAM potential was employed to determine the
interatomic interactions in the systems. The initial positions of Zr, Cu and Ag atoms
were randomly allocated in a bcc supercell according to their proportions. Periodic
boundary conditions (PBCs) were employed along x, y and z directions to avoid edge
effects. The MD timestep was set as 1 fs to eliminate discretization errors. To obtain a
fully melted system, the model was firstly equilibrated at 2000 K for 2 ns. To obtain
Zr45CussAgio MGs, isothermal isobaric (NPT) cooling from the melts to 50 K was then
conducted under different quench rates of 10%°, 10'tand 10'? K/s. After quenching, the
systems were kept at 50 K for another 2 ns for equilibration. The dynamic properties of
the models were analyzed by simulating annealing processes (20 runs) at constant
temperature (800 K). The configurations and atom coordinates were collected and
averaged over the simulation duration (100 ps) for structural and dynamic analyses. By
performing a pure shear loading along xz direction, the shear properties of the samples
were examined. The strain rate was set as 10® s, The temperature was kept at 50 K

during the shear deformation, in order to highlight the material responses under
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mechanical activations rather than thermal perturbations. As mentioned previously, RDF,
CN, MSD and von Mises shear strain were extracted to study the characteristics of

chemical fluctuations in these samples.

5.2.2 Chemical short range order parameter

The CSRO parameter can be calculated by analyzing the chemical make-up of the
nearest neighbor atoms, and comparing it with the composition of the alloy. This reflects
the deviation between the local chemistry and the expectation of a random solution. The
Warren-Cowley parameter is conventionally adopted to quantify the CSROand is

defined as [173]

o =1-—1 (5.1)

where Zjjis the partial coordination number (CN) of j atoms around i atoms, Z; represents

the total CN around i, and y; is the fraction of j. Accordingly, a negative value of ¢

indicates that the chemical bonds are favored, while a positive value means that the

bonds are unfavorable. Finally, «; =0 represents random solution.

5.3 Results and discussion

5.3.1 Glass formation process

Figure 5.1 shows the glass formation of a simulated ZrssCussAgio MG, quenched under
zero pressure and cooling rates of 10 K/s. Typically, the glass transitions of MG can be
characterized by the presence of continuity in volume (V), potential energy (E) or
enthalpy (H) change as a function of temperature (T). During the cooling process, the
glass transition takes place around the glass transition temperature (Tg). The figure

illustrates that the glass transition temperature for ZrssCussAgio MG is around 690 K,
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which exhibits remarkable consistency with the experimental data of 683 K reported by

Zhang et al. [174]. The 3D configuration of the simulated glass is also shown in the inset

of Figure 5.1.
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Figure 5.1 Temperature dependence of potential energy in ZrssCussAgio alloy during

cooling from 2000 K to 50 K. 3D configuration of the ZrisCussAgio MG sample is

shown in the inset. Zr, Cu and Ag atoms are colored red, purple and yellow respectively.
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Figure 5.2 Total and partial RDFs of ZrssCussAgio MG.

Figures 5.2 (a) and (b) show the total and partial RDFs for the amorphous sample at 50
K. Although the Ag content is quite low, we observe a pronounced RDF of Ag-Ag pair
from such figure. This observation indicates the strong affinity for Ag-Ag pairs in the

Zr-Cu-Ag MGs, which shows agreement with previous studies [167]. Moreover, the
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PRDFs were generated to extract the average interatomic distances of different pairs,
which were listed in Table 5.1. The general agreement of these values with the
Goldschmidt radii (Rzr = 1.60 A, Rcu= 1.28 A, Rag= 1.44 A) reveals the metallic
nature of the ternary MGs. Following previous studies [12], the first minima of the
PRDFs were chosen to determine the first coordination shell and obtain the partial and

total CNs. Based on the figure, the cutoff values of Zr-Zr, Zr-Cu, Zr-Ag, Cu-Cu, Cu-Ag

and Ag-Ag pairs are 4.15 A, 3.75 A, 3.95 A, 3.45 A, 3.45 A and 3.55 A, respectively.

The average partial and total CNs for different species are listed in Table 5.2.

Table 5.1 The interatomic distances (A) for different pairs in ZrssCussAgio MG.

Interatomic Rzr-zr Rzr-cu Rzr-ag Reu-cu Rcu-ag Rag-ag
distances (A)

MD 3.16 2.84 2.96 2.46 2.65 2.85

Goldschmidt 3.20 2.88 3.04 2.48 2.72 2.88

Table 5.2 Partial and total coordination number for different elements in ZrssCussAgio

MG.
Zzrcu 6.99 Zcu-cu 4.19 Zpag-cu 4.47
Zzc-ze 7.30 Zcu-zr 6.99 Zng-ze 6.57
Zz7r-ng 1.46 Zcu-ag 0.99 Zpag-ag 2.72

Zzr 15.74 Zcy 12.17 Zag 13.76

5.3.2 Formation of chemical short range order

Naturally, there exist significant discrepancies between real-world glasses and their ideal
states. Such frustration gives rise to the stable (solid-like) and defective (liquid-like)
zones reported in MGs, which can be linked with their topological and chemical
heterogeneity. Usually, the topological heterogeneity can be monitored by examining

some topology parameters, such as free volume, atomic level stress and VVoronoi index.
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On the other hand, knowledge on the CSRO of MGs has not been well established,
despite recent investigation by Fujita and colleagues in that direction [167]. Therefore in
this work, we will focus on the chemical inhomogeneity and its effects in the amorphous

Zr-Cu-Ag alloys.

Table 5.3 Comparison of Warren-Cowley parameters at 2000 K and 50 K in

Zr45CussAgio MGs obtained at different cooling rates.

2000 K 50K
10 K/s 10M K/s 10%2K/s
OAg-Ag -0.287 -1.225 -0.994 -0.713
0lAg-Cu 0.103 0.314 0.273 0.234
OlAg-Zr -0.039 -0.042 -0.052 -0.075
0OCu-Ag -0.006 0.210 0.164 0.122
OCu-Cu 0.155 0.249 0.255 0.254
ocCu-zr -0.154 -0.296 -0.291 -0.281
0zr-Ag 0.046 0.088 0.081 0.060
0lzr-Cu 0.055 0.015 0.019 0.023
ozr-zr -0.065 -0.034 -0.037 -0.036

The Warren-Cowley parameters for different pairs were tracked to quantify the
formation of CSRO during the supercooling of the sample (take the sample obtained at
102 K/s for example), as listed in Table 5.3. The chemical inhomogeneity typically
exists in both liquid and glass states. For instance, the CSRO values of Ag-Ag pairs at
2000 K deviates a lot from zero (-0.287), indicating that the chemical preference of such
pair can still be observed in liquid states. Then the chemical inhomogeneity grows
rapidly as the model is cooled. Comparing the Warren-Cowley parameters at 2000 K
with the values at 50 K, one can readily figure out the chemical preference of different
bonds in the amorphous alloys. Interestingly, the CSRO parameters for Zr-Zr, Zr-Ag and
Zr-Cu remain almost unchanged (close to zero) before and after cooling. This finding
indicates that the neighboring environments have little impacts on the stability of central

Zr atoms, which is in good agreement with the experimental observations by Oh et al.
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[171]. Therefore in this work, we will focus on the CSRO distribution of Cu and Ag
atoms. For central Cu and Ag atoms, it can be observed that the CSRO parameters of
Cu-Zr and Ag-Ag pairs become smaller (negative) as the alloy is quenched. The CSRO
values of Ag-Cu, Cu-Ag and Cu-Cu become larger (positive), whereas the Ag-Zr pair
remains similar (close to zero). These findings suggest that the Cu-Zr and Ag-Ag bonds
tend to chemically stabilize the central Cu and Ag atoms, respectively. On the other
hand, the Cu-Ag and Cu-Cu bonds hamper the local stability of central Cu atoms. The
Ag-Cu interactions also play a similar role on central Ag atoms. Furthermore, the Ag-Zr
bonds correspond to the intermediate states for central Ag atoms. The CSRO evolution
during the cooling process is illustrated in Figure 5.3. As seen in the figure, the CSRO
becomes prominent in the supercooled regime, which is similar to the development of
TSRO [73]. According to the figure, the chemical preference and avoidance become
prominent throughout the supercooled liquid region, leading to the heterogeneous
distribution of atoms in space. Similar to the topological heterogeneity, the chemical
heterogeneity may result in the variation of local dynamic and mechanical properties,

which is discussed in the following sections.

Moreover, the degree of CSRO is found to be highly affected by the cooling history of
MGs. With decreasing cooling rates, one can see that the favored pairs become more
prominent, while those unstable bonds tend to be suppressed. For instance, the Warren-
Cowley parameter of Ag-Ag pairs decreases with reduced quench rates, implicating the
remarkable growth of stable Ag-Ag bonds. In contrast, the CSRO value of Ag-Cu pairs
rises with decreasing cooling rates, demonstrating the growing avoidance between
central Ag and neighboring Cu atoms. Such tendency is also comparable to the TSRO
formation, as previous simulations reported the change of icosahedral SRO with

different cooling histories [71].
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Figure 5.3 Temperature dependence of Warren-Cowley parameters for different pairs
during the cooling process of ZrssCussAgio alloy. Zr-(Cu/Zr/Ag) pairs are omitted for

clarity.

Table 5.4 Average potential energies of central Cu and Ag atoms with different

neighboring compositions at 50 K.

Central Cu atoms
Zcu-cu E (eV/atom) Zcu-zr E (eV/atom) Zcu-Ag E (eV/atom)

2 -3.761 4 -3.596 0 -3.724
3 -3.742 5 -3.640 1 -3.722
4 -3.721 6 -3.678 2 -3.720
5 -3.702 7 -3.721 3 -3.704
6 -3.673 8 -3.764 4 -3.692
7 -3.651 9 -3.801 5 -3.676

Central Ag atoms
Zag-Cu E (eV/atom) Zpag-zr E (eV/atom) Zpag-Ag E (eV/atom)

3 -2.896 3 -2.855 0 -2.792
4 -2.871 4 -2.852 1 -2.824
5 -2.840 5 -2.855 2 -2.850
6 -2.825 6 -2.847 3 -2.877
7 -2.814 7 -2.857 4 -2.891
8 -2.796 8 -2.877 5 -2.914
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To study the microscopic origin of the CSRO formation, we correlated the energetic
stability and local chemical compositions by monitoring the potential energy on each
atom. The value of atomic potential energy could reveal the local energetic stability of
atoms. Accordingly, atoms with low potential energy should correspond to stable
conditions, while atoms with high potential energy are unfavorable. In this work, atoms
of different species were categorized into various groups according to their nearest-
neighbor environments (or partial CN). The partial CN clearly describes the neighboring
chemical environment around a center atom. For instance, if a center Cu atom has 12
neighboring atoms (including 7 Zr, 4 Cu and 1 Ag atoms), then the partial CNs for such
atom should be Zcy.zr= 7, Zcu-cu =4 and Zcu-ag =1. By averaging the potential energies
on different groups of atoms, we can explain why some atomic pairs are favored, while
others tend to be eliminated during the glass formation process. The correlations
between potential energy and chemical composition are listed in Table 5.4. Impressively,
those favored pairs agree well with the energetic stability of atoms. For example, Cu
atoms with more neighboring Zr atoms possess lower potential energy, explaining why
Cu-Zr bonds can chemically stabilize the central Cu atoms in the system. In comparison,
the Cu-Ag and Cu-Cu interactions destabilize the central Cu atoms, as these two pairs
follow opposite trends of the Cu-Zr bonds. Likewise, the energetic states of Ag atoms
also represent the chemical affinity of different pairs. Therefore, the CSRO development

in MGs mainly results from the tendency of atoms to form glasses with higher stability.

Due to the strong preference of Ag-Ag pairs and avoidance of Cu-Ag pairs, Cu and Ag
atoms are inhomogeneously distributed in this model. Such nanoscale phase separation
is commonly observed in some multicomponent MGs [158, 160]. In accordance with

previous work [167], this system could be separated into Cu- and Ag-rich regions. These

96



two regimes are expected to exhibit different dynamic and mechanical properties, as

investigated in the following two sections.

5.3.3 Relationships between chemical and dynamic heterogeneities

To examine the correlations between chemical and dynamic heterogeneity, we carried
out annealing processes at a constant temperature for the models. To ensure that the
atomic mobility is relatively high during the relaxation, the annealing temperature
selected (800 K) is a little bit above the glass transition temperature (690 K). In this
work, we will focus on the dynamic and mechanical discrepancies between Cu- and Ag-
rich regimes. Similar to previous section, atoms are grouped according to their partial
CN, which determines the neighboring environment for each atom. According to the
CSRO formation discussed in previous section, it can be expected that Cu-rich regions
are dominated by Zr-Cu pairs, while Ag-rich regions are dominated by Ag-Ag and Zr-

Ag pairs.
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Figure 5.4 The dependence of atomic mobility (Zr, Cu and Ag atoms) on neighboring
chemical compositions, showing the relationship between chemical and dynamic
heterogeneities. Atoms in Ag-rich or Cu-poor regions are mostly observed to exhibit

faster dynamics.
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MSD has been extensively used to quantify the local dynamic properties of atoms, since
it directly reveals the atomic mobility in supercooled liquids [161]. The non-Gaussian
parameter [73] was firstly calculated to obtain the “maximum non-Gaussian time”. This
time is commonly adopted to investigate the dynamic heterogeneity in supercooled
liquids. Accordingly, the time interval adopted in our simulations was 100 ps. Twenty
simulation runs (annealing at 800 K) were then implemented and averaged, with the
same initial configuration but different distribution of initial momenta of atoms. The
MSD evolutions of atoms with different chemical environment are plotted in Figures
5.4(a) to (f). Zr, Cu and Ag atoms are categorized according to their partial CN with
respect to Ag (Figures 5.4(a) to (c)) and Cu (Figures 5.4(e) to (f)) atoms. As seen in
these figures, atoms in Ag-rich regimes generally exhibit fast dynamics, while Zr atoms
in Cu-rich regions exhibit slow dynamics. Using Figures 5.4(a) and (d) for example, Zr
atoms in Cu-rich and Ag-poor environments are found to exhibit lower MSD during the
annealing process. These findings are consistent with the work by Fujita et al. [167]. A
possible explanation is that the local activation energies vary with the chemical
heterogeneities in Zr-Cu-Ag MGs [175]. Therefore, atoms in Ag-rich regions are easier
to be activated under thermal perturbations, showing faster dynamics than those in Cu-
rich regions. On the other hand, according to Figures 5.4(e) and (f), the central Ag (or
Cu) atoms in Cu-rich environments exhibit similar dynamics with those in Cu-poor
regions. Such phenomenon may originate from the energetic instability of Ag-Cu and
Cu-Cu pairs, which is mentioned in the above section. Based on the MSD analyses, the
intrinsic correlations between the chemical and dynamic heterogeneities have been

detected in the ZrssCussAdio glasses.
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5.3.4 Relationships between chemical and mechanical heterogeneities
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Figure 5.5 The dependence of local shear resistance (Zr, Cu and Ag atoms) on

neighboring chemical compositions, showing the relationship between chemical and

mechanical heterogeneities. Similarly, atoms in Ag-rich or Cu-poor regions exhibit

lower resistance to shear deformations.
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Quantification of von Mises shear strain can reflect the variation of local stiffness in
MGs. Typically, atoms exhibit higher von Mises shear strain are considered as fertile
sites for shear transformation events. By computing the von Mises shear strain, the
strong connections between chemical and mechanical heterogeneity have also been
found, as shown in Figures 5.5 (a) to (f). Interestingly, atoms with more neighboring Cu
and less Ag particles exhibit smaller shear strain during the pure shear loading process.
We thus can conclude that atoms in Ag-rich regions are likely to be activated for plastic
deformation, whereas atoms in Cu-rich regions show elastic behaviors (solid-like).
Similarly, the mechanical heterogeneity in Cu-Zr-Ag MGs may result from the locally
varying activation energies, which is induced by the nanoscale phase separation of Cu-
and Ag-enriched regimes. Based on these results, we figured out the correlation between
chemical, dynamic and mechanical heterogeneities in the ZrssCussAgio glasses. Atoms in
Ag-rich regions are easier to be activated by external stimuli (thermal perturbations or
applied stresses). Therefore, our findings may explain the micromechanisms underlying

the physical and mechanical properties of realistic phase-separated BMGs.

5.4 Summary

In summary, we investigated the CSRO formation and its influences on local
dynamic/mechanical properties in ZrssCussAgio MGs by using classical MD simulations.
Our analyses of Warren-Cowley parameters reveal that rapid growth of CSRO in the
supercooled region. In addition, the reduction of effective cooling rates can significantly
prompt the CSRO in MGs. By calculating the atomic potential energy, it is found that
the formation of CSRO is directly linked with the local energetic stability. Furthermore,
the correlations between chemical, dynamic and mechanical heterogeneities were

captured by simulating annealing and shear loading processes. The Cu-rich regions
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exhibit slower dynamics and higher shear resistance under external stimuli, while Ag-

rich regions are likely to be activated.
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK

This chapter summarizes the simulation results in this PhD work. In addition, it
highlights the main contribution of this research work. Last but not least, the future work

that can be undertaken towards the extension of this PhD work is presented.

6.1 Conclusions
The PhD research work presents an investigation of MD simulation on the

nanostructures and structure-property relationship of MGs.

The structural defects play a key role in controlling the physical and mechanical
behaviors of materials. For amorphous alloys, various parameters (e.g., free volume,
Voronoi index) have been extensively employed to study the structural defects and
structure-property relationships. Unfortunately, these two parameters are limited to
particular types of glass-forming systems. Therefore in chapter 3, atomic level stress is
used as a system-independent criterion to define and investigate the structural defects in
Cu-Zr MGs. By analyzing samples with different compositions, the atomic—level stress
fluctuations are closely linked with the local kinetic and mechanical responses in
modeled CuxZrioo-x MGs. Other than VVoronoi index, atomic—level stress is proven to be
a generic parameter to identify structural defects in different glasses. In addition,
y—defects with excessive shear stress exhibit faster dynamics than solid—like atoms. By
performing shear deformation processes, it is also proposed that that y—defects are fertile

sites for local inelastic deformation.

In recent decades, researchers have carried out numerous simulations devoted to the
characterization of TSRO in MGs. Nevertheless, a clear understanding of the MRO is

still necessary to understand the mechanical heterogeneity of amorphous alloys. Chapter
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4 examines the relationships between local fivefold symmetry and medium-range
structures in ZrssCuseAlg MGs. Based on the Voronoi tessellation techniques, the results
provide insights into the structural and mechanical heterogeneity of MGs. In addition to
the solid-like backbones formed by HLFFS atoms, there also exist networks formed by
LLFFS atoms, representing the liquid-like (unstable) regions in this sample. Our
calculation of atomic level stress reveals the correlations between atomic shear stress
and local fivefold symmetry. Additionally, the spatial connections of atoms (medium-
range structures) are significantly affected by the atomic level stress. These findings
indicate the microscopic origins of structural heterogeneity in MGs. The mechanical
heterogeneity of MGs was investigated by performing a pure shear loading process. It is
found that LLFFS atoms tend to initiate plastic flow, while HLFFS entities are resistant
to plastic deformation. Such observation validates our assumption that the HLFFS and
LLFFS networks respectively represent the solid- and liquid-like regions in ZrssCussAls

glasses.

Similar to the TSRO, CSRO is another key factor determining the dynamic and
mechanical features of MGs. For instance, the plasticity enhancement of various MGs is
proposed to stem from the phase separation phenomena. Chapter 5 studies the CSRO
formation and its links to dynamic/mechanical heterogeneities in ZrssCussAgio MGs.
The Warren-Cowley parameter evolution reveals the rapid growth of CSRO in the
supercooled region. Similar to the TSRO development reported in previous studies, the
CSRO exhibits cooling history dependence. The CSRO development is directly
attributed to the local energetic stability. Additionally, the correlations between chemical,
dynamic and mechanical heterogeneities were captured by simulating annealing and
shear loading processes. The Cu-enriched regions are highly resistant to external stimuli

and Ag-enriched regions in contrast are likely to be activated.
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6.2 Main contributions arising from this thesis
The work in this thesis mainly addresses the microstructure and structure-property
relationships in MGs. The main contributions arising from this thesis are listed as

follows:

(1) Validating the generic applicability of atomic-level stress in identifying the structural
defects in amorphous alloys. Atoms with excessive stress exhibit dynamic and
mechanical instability under external stimuli.

(2) Demonstrating the correlations between local fivefold symmetry and medium-range
structures in Zr-Cu-Al glass. Similar to the solid-like backbones formed by HLFFS
atoms, there also exist networks formed by LLFFS atoms.

(3) Examining the dependence of local fivefold symmetry on atomic-level shear stress.
It is found that HLFFS atoms typically possess smaller atomic shear stress, which
may explain the mechanical discrepancies between HLFFS and LLFFS atoms. The
HLFFS and LLFFS respectively exhibit solid- and liquid-like behaviors under shear
deformations.

(4) Investigating the rapid growth of CSRO in supercooled region. Similar to the TSRO,
the CSRO development also significantly depends on the cooling histories. The
CSRO development is directly linked with the energetic stability.

(5) The effects of CSRO on the dynamic and mechanical heterogeneities in Zr-Cu-Ag
MGs. It is concluded that Ag-enriched regions exhibit instability during annealing

and deformation processes.

6.3 Future work
The work in this thesis addresses the nanostructures and structure-property relationships

in MGs. Although significant progress has been made to examine the structure-dynamic

105



and structure-mechanical correlations in amorphous alloys, there still remains interesting

and challenging issues for further explorations.

6.3.1 Crystal-like order in multicomponent glasses

As aforementioned, there exist two types of medium-range networks in ZrssCussAls
glasses. The HLFFS and LLFFS networks respectively serve as solid-like and liquid-like
regions under shear deformation. Previous RMC simulations revealed the crystal- and
icosahedral-like MRO in Zr-Cu-Al MGs [126, 148]. Following their studies, atoms with
different degree of fivefold symmetry are grouped into three categories: crystal-,
icosahedral-like and mixed polyhedra. Similarly, both crystal- and icosahedral-like
atoms tend to agglomerate at medium range scale, forming nanometer-scale
superclusters. Interestingly, the crystal-like superclusters exhibit orderliness and
rotational symmetry in those annealed models, which may represent the commencement
of nucleation and crystallization in glasses. Additionally, the fraction of crystal-like
atoms increases upon annealing in ZrsoCussAlis glass, which exhibits an opposite trend
in ZrsoCussAls MG. Due to the rotational symmetry founded in crystal-like MRO, one
may expect the mechanical stability of crystal-like superclusters in Zr-Cu-Al MGs. On
the other hand, our simulation results suggest the low stiffness of HLFFS networks,
which seems to be controversial with the RMC models. Accordingly, a comprehensive
investigation on the crystal-like order is necessary for understanding its structural and
mechanical features. Further investigations may involve various issues including: (1) the
structural and mechanical comparisons between HLFFS networks and crystal-like MRO;
(2) the dynamic and mechanical heterogeneities in relation with crystal-like and
icosahedral-like MRO; (3) the development of crystal-like MRO (or crystallization) in

MGs upon annealing.
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6.3.2 Various factors affecting the mechanical behaviors of metallic glass matrix
nanocomposites

The tailorable mechanical properties of MGMCs, strength, hardness, plasticity and
toughness, render them as attractive materials for widespread engineering applications.
With the introduction of either micro- or nano-sized crystallites, significant ductility is
observed for various MGMCs [100, 176-178]. The improved ductility of MGMCs is
mainly attributed to the initiation of multiple STZs at glass-crystal interfaces and the
suppression of shear band propagation [2]. The plasticity improvement and work
hardening of MGMCs containing micro-sized precipitates is typically ascribed to the
martensitic transformation (MT) of ductile dendrites [179-181]. With a high volume
fraction of ductile phases, both STZ initiations at the interface and blocking of shear
band extension are responsible for the improved ductility [182]. Compared to micro-
sized precipitates, nanoscale reinforcements are nearly perfect crystals without internal
defects. Hence the deformation mechanisms of MGMCs containing nanoprecipitates are
supposed to be quite different. The primary reason for the improved ductility is believed
to stem from the activation of multiple STZs at glass-crystal interfaces, which is caused
by the elastoplastic mismatch between nanocrystals and glass matrix [183, 184].
Nevertheless, the underlying mechanisms of the STZ activations have not been fully
understood. A clear understanding of the mechanical properties requires further
exploration on the deformation behaviors of MGMCs with nanoprecipitates. In
particular, structural factors (crystal orientations, size, distribution, volume fraction and
etc.) affecting the shear band initiation and propagation will be discussed and studied in
our further studies. For instance, the mechanical behaviors of nanocrystals are
apparently orientation dependent. Accordingly, the shear band initiation of

nanocomposites could be closely correlated with the crystal orientation. The focus of our
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future work is on the shear band initiations and propagations in MGMCs containing

nanocrystals.
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