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Summary 

To understand the physical factors determining the material properties is of essential 

importance for the synthesis of new compositions with favorable characteristics. So far 

the relationship between the electronic structure and the physical properties of metallic 

glasses (MGs) has not been adequately studied. This project aims to understand and 

demonstrate the correlation between thermal and mechanical properties of MGs from 

the viewpoint of valence electron density (VED) in order to provide guidelines for the 

future design of new systems with desired plasticity. Initially, the thermal and 

mechanical properties of MGs are explored. 

A number of MGs were prepared and their amorphous structures were verified by 

experimental and computational methods. The X-ray diffraction (XRD) and electron 

diffraction both indicate that there indeed exist short-to-medium-range orders in the 

amorphous structure. Molecular dynamics simulation confirms the existence of such 

orders, and also suggests that the amorphous structure consists of diverse polyhedral 

types, among which some types are dominant (e.g., icosahedral and bcc clusters in 

Ti50Cu50). These clusters form a five-fold symmetry in the medium range distance. The 

thermal properties of MGs were studied by continuous differential scanning 

calorimetry (DSC). For each glassy alloy, the glass transition temperature, and the 

width of the glass transition region exhibit dependence on heating rate, i.e., they 

increase with an increase in heating rate; in contrast, the heat enthalpy at crystallization 

appears to be independent of heating rate, except for the Zr-based sample likely due to 

its unique crystallization processes. Nevertheless, the larger glass transition 

temperatures generally correspond to the larger heat enthalpy and the wider glass 

transition region. 

Instrumented nanoindentation was performed on MGs to characterize the mechanical 

properties, in particular at various loading rates and indent sizes. For the La- and 

Zr-based specimens, the pile-up height and the shear band zone size imaged by atomic 

force microscopy (AFM) were found to be independent of loading rates, in good 

agreement with the absence of loading rate dependence of mechanical properties. 
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However, they both show the indentation size effect (ISE), specifically, the hardness is 

enhanced at smaller indents. In contrast, for Cu49.3Zr50.7, the mechanical properties are 

influenced by the loading rate, i.e., they increase as the loading rate increases up to a 

critical value. However, it does not have an ISE. The degree of structural relaxation, 

which can be represented by the relaxation time spectrum, accounts for the mechanical 

response of MGs to the loading rates. This spectrum was derived from the 

nanoindentation creep, and reveals that the Zr-based specimen is in a more relaxed 

state than Cu49.3Zr50.7 because the former has lower peak intensity than the latter. In 

other words, the Zr-based specimen is less viscoelastic than Cu49.3Zr50.7. 

Based on the experimental work, a proportional relationship between thermal and 

mechanical properties has been identified, which can be determined by the valence 

electron density—the number of valence electrons per atomic volume. Furthermore, 

the plasticity or the Poisson’s ratio is found to be dependent on VED as well. For each 

type of MGs, the Poisson’s ratio commonly decreases as VED increases. From the 

energy dissipation viewpoint, the lower shear-transformation-zone (STZ) activation 

energy implies the higher ductility because STZs with lower activation energy are able 

to convert deformation work more efficiently into the configurational energy rather 

than heat. The smaller VED implies a weaker atomic bonding and also easier atomic 

motion for STZ activation and crystallization. Therefore, the VED-related plasticity 

suggests a simple method for designing ductile MGs. 
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Chapter 1 Introduction 

1.1 Background 

Metallic glasses (MGs), also named as amorphous alloys, are a member of glass family 

mainly composed of metallic elements and contain a random structure entirely 

different from crystalline periodicity. Such unique structrue is where they are the most 

attractive and gives rise to the distinct structural and functional properties. 

MGs were discovered first by physicists who were into the condensation of thin films 

at low temperatures [1]. Naturally, coming with the discovery was a discussion 

whether they are amorphous or microcrystalline. Many efforts have been devoted to 

understanding the structure by experimental and computational techniques during the 

past years. It is realized now that although they exhibit a random structural feature in a 

long range distance, MGs exactly possess short-to-medium range order which 

determine their unique properties. This short-to-medium range order differs from one 

material system to another and ignites the worldwide research interest. 

Besides the fundamental interest, MGs were also appreciated due to possible 

technological applications based on their thermal, mechanical, chemical, electrical and 

magnetic properties. These properties were soon realized as unusual after the discovery 

of the first MG Au-Si and a lot of research was done to investigate them in 1970s and 

1980s [2, 3]. The extensive use of MGs is hindered by their thermodynamical 

metastability and global brittleness. The metastability results from the higher energy 

configuration as compared to the stable crystalline structure, and the brittleness is due 



Chapter 1 Introduction 

 

  2 

to the plastic deformation constrained in an extremely thin region (at most tens of 

nanometers). To date, much attention has been concentrated to develop new systems 

with a combination of good thermal and mechanical properties. 

As the crystalline defects do not exist in the amorphous structure, the thermal and 

mechanical properties are thought to be directly related to the atomic bonds. In 

addition, the microscopic processes in the annealing-induced structural relaxation and 

mechanical deformation are similar, specifically, they are governed by the 

thermally-activated movement of an elementary unit. Therefore, the thermal and 

mechanical properties are regarded as correlated. A large amount of work has been 

done to reveal the connection between these properties. However, the relationship 

between the properties and atomic/electronic structures has not yet been fully studied 

[4]. In this respect, it could be interesting to explore the relationship from the 

perspective of atomic/electronic structure. 

1.2 Objective and scope 

MGs due to their unique structure and properties attract increasing attention with 

advancement of both experimental and computational techniques. Since so far a huge 

variety of MGs have been developed, the focus of research interest is to understand the 

structure-to-property relationship so as to support the designing of new MGs. 

The objective of this project is to demonstrate and understand the correlation between 

the thermal and mechanical properties from the viewpoint of valence electron density 

with the hope to provide a guideline for the design of new amorphous alloys with 

desirable plasticity. Before looking at the relationship, it is necessary to systematically 

investigate the thermal and mechanical properties of MGs. 
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Chapter 1 presents a background introduction to MGs followed by objective and 

scope of the present study.  

Chapter 2 presents a pertinent literature review on atomic structure, glass-forming 

principles, mechanical behaviors and applications of MGs so as that it can be figured 

out where to extend the work. 

Chapter 3 demonstrates in detail the amorphous structures and thermal properties of 

nine MGs obtained or prepared in this study. 

Chapter 4 describes the mechanical properties of MGs at various loading conditions 

such as loading rate, indentation depth and temperature. 

Chapter 5 presents and explains the correlation between the thermal and mechanical 

properties according to the results in this work as well as in the literature. 

Chapter 6 and 7 respectively conclude the present work and propose the problems to 

be investigated in the future. 
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Chapter 2 Literature Review 

2.1 Introduction 

MGs are relatively new to the family of materials and attract increasing attention due 

to their unique structural and functional properties. Underlying these properties is the 

atomic structure, much different from the translational symmetry in crystals. 

Understanding of the atomic structure of MGs is necessary for understanding of their 

unique properties. In the past decades, many efforts have been devoted to investigating 

the properties and atomic structure of MGs. 

This chapter is organized in the following manner: Section 2.2 presents an overview on 

atomic structure. Sections 2.3 and 2.4 give an introduction to glass-forming principles 

and liquid-to-glass transition process by which conditions/parameters for glass formers 

can be identified. Section 2.5 details the deformation mechanisms of MGs by 

considering the various effects such as specimen size, temperature and strain rate. 

Section 2.6 summarizes the applications of MGs based on their mechanical, magnetic 

and chemical properties. 

2.2 Atomic structure 

Solid materials are primary building blocks of human’s living world due to their 

substantial physical properties which could be attributed to the diverse atomic or 

molecular configurations, either crystalline or amorphous or both. Thus, it is of great 

importance for design of new materials to see how atoms or molecules assemble 

together. From a theoretical viewpoint, given an accurate and adequate knowledge of 
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the interaction potential function among N particles of a system, the configurational 

partition function can be calculated: 

   NN
VVTk

NV
Q ddexp

!

1
1B     (2.1) 

where V is the volume of N particles,  is the potential function, and dVi is an 

infinitesimal volume of particle i. Based on Eq. 2.1, thermodynamic properties of the 

system, such as Helmholtz energy, the internal energy etc., can be evaluated [5]. For a 

crystalline solid, its structure is well-defined and calculation of Q can be simplified 

because of lattice symmetry. For a non-crystalline solid, however, the absence of 

periodic structure renders it impossible to attain the configurational integral. It seems 

necessary to turn to an alternative method—model building. 

It is agreed that amorphous alloys are macroscopically isotropic because of long-range 

disorder. However, there actually exists anisotropy in these alloy systems [6-8]. It has 

been known that the physical properties, notably those structure-sensitive properties 

such as ferromagnetic property can vary from one section of MGs to another. This 

would be surprising and was attributed in early times to that some of MGs are not 

amorphous but merely microcrystalline. Later, it was recognized that the anisotropic 

phenomena are originated from the local atomic environments in the glassy structure. 

Such atomic environments can be defined by short-range order (SRO) including two 

types: chemical or compositional short-range order (CSRO) and geometrical or 

physical short-range order (GSRO). These microscopic features have been observed 

using computational and experimental techniques [9-11]. 
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CSRO gives an account of the state of mixture of the alloy elements and can be 

quantified by using the composition departure in the nearest neighbour shell from the 

average: 

 
i

j i

j

ij
11

xZ

Z

xZ

Z
  (2.2) 

 jjii ZxZxZ   (2.3) 

 ijiii ZZZ   (2.4) 

where Zij is the coordination number (CN) of atom j around atom i, Z is the average 

CN, Zi is the total CN of atom i, and xi is the concentration of element i. ＜0, =0 

and ＞0 indicates chemical ordering, complete chemical disorder and clustering, 

respectively. The implicit assumption for Eq. 2.2 is that atomic size effect is excluded, 

that is, difference in total CN is neglected, resulting in Zi=Zj=Z. A more applicable 

formula for description of CSRO whenever Zi≠Zj can be obtained [12]: 

 1
ij

ij

ij 
Z

Z
  (2.5) 

 ZZZxZ jijij 
  (2.6) 

where 
ijZ  is partial CN in the limit of complete chemical disorder. ij＜0 in case of 

chemical preference for like bonds; ij=0 in case of complete chemical disorder; and 

ij＞0 in case of chemical preference for unlike bonds. It is worth noting that these 

unlike bonds are often observed in TM-metalloid systems due to partially covalent 
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bonding and TM-TM systems due to non-additive pair interaction and believed to be 

responsible for easy glass forming ability [13]. 

GSRO, also playing a crucial role in the properties of MGs, describes the 

geometrical/topological packing of atoms in the nearest neighbor distances. To 

estimate the stability of such local topological structures, a stress criteria was proposed 

by Egami et al [14]: 

 β
ij

j

α
ij

αβ
i

2

1
rf

i




  (2.7) 

where i is the atomic level stress on atom i, ,  are Cartesian components, i is the 

local volume of atom i, fij and rij are the two body force and space interval between the 

ith and jth atoms. It is now known that the stress fluctuation due to thermal fluctuation 

is atomically localized in amorphous solids and represents the structural fluctuations. 

In reference [15], the local CN Zi is related to the local pressure pi: the compressed 

atoms tend to have Zi smaller than the average. 

Two concepts of primary importance have been reviewed to facilitate the subsequent 

introduction of models for MGs. Until now the structure of MGs still remain 

mysterious. The earlier structural model of a liquid proposed by Bernal [16] was based 

on the assumption that the system was made of atoms considered as ideal hard spheres. 

This hypothesis is reasonable from the point of view that the liquid density is about the 

same as that of the crystal. Such a liquid model was then extended to amorphous alloys 

by Cohen and Turnbull [17]. The agreement of this model with real systems was later 

examined [18, 19] and proved good. Despite the successful application, there are still 
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intrinsic limitations preventing its extensive use. The first one is that the assumption of 

dense random packing (DRP) of hard spheres which are defined by hard potential in 

model calculation cannot account for the relative intensities of the two components of 

the split second peak, that is, the intensity of the first subpeak is lower than that of the 

second subpeak [20]. The second one is that Bernal’s idea fails to model many binary 

MGs, especially metal-metalloid glasses, where the CSRO is significant. At last, 

Bernal’s model cannot explain why the excellent glass-forming alloys often have 

exceptionally high densities relative to their crystalline counterparts (the density ratio 

is above 99.5%) [21, 22]. 

To tackle the first problem, soft potentials [20] are introduced to approximate the 

interatomic repulsive action, by which the ratio of intensities of the two subpeaks 

shows relatively good agreement with experimental data. However, they do not 

reconcile well with binary metal-metalloid alloys. It seems that DRP model sees its 

inability and a pressing need is to construct a novel model which better represents the 

real amorphous systems. 

In late 1970s, Gaskell [23] proposed a stereochemically defined model based on the 

principle that the local structure of amorphous solids is always identical to that of 

crystalline types of the materials. The model was built by non-periodic arrangements 

of regular trigonal prismatic units (shown in Fig. 2.1) which are frequently found in 

glasses of transition metal borides, carbides, phosphides and silicides. As a result, there 

is satisfactory agreement between the experimental and computed data. In spite of the 

encouraging reproduction, whether this physical model is generally applicable is still 

under debate because experimental evidence has not yet been conclusive. It should be 
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noted that this model renders an alternative solution to the second problem discussed 

above. 

 

(a) (b) 

Metalloid atom 

Metal atom in the first neighboring shell 

Metal atom in the second neighboring shell 

 

Figure 2.1 (a) Regular trigonal prismatic coordination; (b) Arrangements by edge 

sharing of units. 

A recent model presented by Miracle [24, 25] demonstrates a possible solution to the 

remaining issue. It is based on the principle of efficient atomic packing and can be 

constructed at two steps: (1) Efficiently packed solute-centered clusters characterize 

the local structure; (2) These sphere-like clusters as structural elements fill space 

efficiently in a face-centered cubic (fcc) or hexagonal close-packed (hcp) forms. The 

atomic packing fractions of a number of MGs are calculated using this model and 

commonly vary between DRP (~0.64) and fcc packing (~0.74) [26]. Moreover, the 

predicted solute-to-solvent ratio shows a very close correlation with the observed 

values in various MGs. Both these factors state the validity of this model in describing 

the amorphous configuration. This concept was further applied and corroborated in 

Al-Y and Al-Y-Ni alloys [27]. However, there still exist discussible points in Miracle’s 

model. Firstly, systems containing small amount of solute (＜20%) were only 

investigated and solute-solute bonding is excluded. Secondly, only fcc packing of 

clusters taken into account seems not adequate. 



Chapter 2 Literature review 

 

  10 

Later, to check if these previous models truly reflect the amorphous structure, a study 

was carried out using both experimental and computational techniques [28]. The 

in-depth analysis indicates that MGs often involves as many as several hundred types 

of coordination polyhedra among which a few types are dominant depending on 

atomic size ratio and that these polyhedral units are packed as likely as in an 

icosahedral fivefold form. Also, solute atoms would connect as strings or networks 

when enriched (＞20%).  

So far a number of significant structural models have been reviewed and give us an 

approximate picture of atomic configurations at the short- and medium-range level. 

The proposed structural features in MGs are concluded as follows: 

(1) MGs are built by dense packing of atoms. They display short-to-medium-range 

order but no long-range order. 

(2) The nearest solute-solvent atoms neighbor themselves in an ordered way similar 

to that in competing crystalline phases, which is determined by atomic size ratio 

and concentration as well. Cluster is assigned as the name of such a structural unit. 

There are a huge number of polyhedral cluster types in real MGs among which 

certain types occur with large portions. 

(3) When solute concentration increases, solute atoms might either occupy vacant 

sites among densely packed clusters, or form bonds encaged in clusters. Reaching a 

threshold fraction, solute atoms make network-like connection. 

(4) These clusters join together by sharing of faces, edges and vertexes and form 

fcc, hcp or icosahedral polyhedra, leading to MRO. 
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(5) The absence of orientational order of clusters gives rise to disorder at a 

long-range scale. 

(6) There may exist defects, i.e. interstitial vacancies in MGs. 

2.3 Glass-forming principles 

Amorphous alloys, also named metallic glasses, are very promising for structural, 

chemical and magnetic applications due to their ultrahigh strength, excellent 

superplasticity, superior corrosion resistance and low coercivity [29]. However, there 

exist three unfavorable factors limiting their extensive applications: brittleness, small 

volume and thermal metastability. To make thermally stable bulk metallic glasses, a lot 

of principles have been proposed. 

Before going to review these principles, it is necessary to mention a term of glass 

forming ability (GFA) used to describe the ability of glass transition of a system from 

liquid to glass. Three types of conditions are associated with GFA: thermodynamic, 

kinetic and processing factors. Thermodynamic factors include the melting temperature 

Tm, or the liquidus temperature TL; the heat of fusion Hm and vaporization Hv; and 

the free energies of all possible phases during solidification. Kinetic factors are 

quantified by the homogeneous nucleation rate Ihom; the melt viscosity ; and the glass 

transition temperature Tg. Processing factors encompass the cooling rate (a function of 

sample thickness); the supercooling temperature increment T=Tm-T; and the 

heterogeneous nucleation rate Iheter which depends on the melt purity and quenching 

surface preparation.  

Cohen and Turnbull predicted that glass formation should be a universal phenomenon 
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[30]. They [31, 32] also agreed that a deep eutectic is the best candidate for metallic 

glass formation. The lower the reduced liquidus temperature, the greater the glass 

forming tendancy: 

 
v

LB
Lr

H

Tk
T


  (2.8) 

where TL is the liquidus temperature, Hv is the molar heat of vaporization. As stated 

in Ref. [31], behind this expression is the physical implication that a little energy (i.e., 

low TL) is required to produce a given amount of disorder at constant cohesive energy 

(Hv), which could happen due to small changes in the contact angle of the 

coordination polyhedral. The formula is derived from the free volume model (FVM) 

and will thus find its limitation in more complex systems [31]. 

After then a more useful parameter, the reduced glass transition temperature Tgr was 

proposed to describe GFA: 

 mggr /TTT   (2.9) 

To understand the correlation between Tgr and GFA, let’s look back to the conception 

of Gibbs free energy. It is known that the molar free energy difference GxL between 

the liquid and equilibrium crystalline alloy can be expressed as: 

    TTSTG  LmxL   (2.10) 

where Sm is the entropy of fusion,  is a temperature-dependent correction factor. 

Taking Tg into the equation, the driving force at Tg is given by: 
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          grmgLmgxL THTTTSTTG  1   (2.11) 

The expression (2.11) indicates that large Tgr accounts for ease of glass forming due to 

small driving force for crystallization. According to Davies’ theory [33], Tgr is 

inversely related to the critical cooling rate because large Tgr signifies high viscosity of 

the melt and hence low atomic mobility and reduced Rc. 

A problem with Tgr criterion is that there are no available data of Tg for most of glassy 

materials until they are examined. One way to overcome the difficulty is to introduce 

an semi-empirical approach employed by Marcus and Turnbull [34]. They investigated 

the correlation between glass forming tendency and )( L
0

L TT   and gave the following 

equation to describe the GFA. 
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
  (2.13) 

and 0
LT , A

fH , A
mT , and x respectively denote the ideal solution liquidus temperature, 

the heat of fusion of the solvent, the melting point of the solvent and the mole fraction 

of the solute. It is observed that the GFA in alloys increases with negative departure 

T, which could be resulted from the strongly attractive part of the interaction 

potential between different atoms. This T criterion will fail when applied to those 

alloy systems where the solubility of solute is large, specifically, more than 15%, or 

those where compound phases form because the ideal solution model is not obeyed by 

them. 
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Donald and Davies [35] developed a similar approach where mix
LT  takes place of 0

LT  

in the above equation: 
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L xTxTT   (2.15) 

where mix
LT  is the melting point of mixtures, A

mT  and B
mT  are the melting points of 

the pure elements A and B. As discussed in the article [35], T
﹡＞2 suggests an easy 

glass former and inversely a non-easy glass former at a cooling rate lower than 10
7
 K/s. 

68 melt-quenched binary and ternary alloys were assessed and agreed with the rule 

with only 8 exceptions. 

Although the Donald-Davies model has a wide application in predicting the GFA of 

many binary systems and even ternary systems if the liquidus temperature is known, it 

turns to be invalid when applied to the binary systems that have an extensive primary 

solid solution. 

To modify the model, Whang [36] introduced an additional parameter Cer, the reduced 

eutectic composition defined by: 
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where Ce and Cs denote the eutectic composition and the minimum hypoeutectic 

composition respectively. To understand the physical connotation of Cer, the new 

measure of GFA, T0r, should be noted. It is defined by: 
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where T0(Ce), Te and A
mT  are respectively the temperature T0 at the composition Ce, 

the eutectic temperature and the melting temperature of the pure element A. T0 is the 

temperature where the two phases of the same composition have an equal free energy. 

Compared with Tg the role of T0 is made clear: a glass is easily produced if Tg>T0 

meaning that the melt rigidifies before reaching the freezing temperature where there is 

no composition change [37]. 

It was observed that increasing T0r makes glass transition difficult and even impossible 

after exceeding a critical value, for example, 0.9 for Ti-based binary alloys. Replacing 

Tm/Te by TLr, T0r can be expressed as: 

 
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It is reasonable to suppose T0r is constant, and then TLr[2/(2-Cer)-1] should be constant. 

A two-dimensional plot can be constructed by TLr as one axis and Cer as the other 

separating easy glass formers from non-easy glass formers. The Whang’s model cannot 

work when a metastable phase competes with the glassy phase. 

2.4 Liquid-to-glass transition 

Liquid quenching is the common process to fabricate MGs, where the melt is solidified 

at a relatively fast cooling rate to avoid the crystallization. Although a wide variety of 

MGs have been produced by this technique, the phenomenon of liquid-to-glass 

transition in MGs remain somewhat mysterious because the underlying atomic 
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rearrangement has not yet been well understood [38]. 

Much effort has been centered on the topic. On one hand, theories have been proposed 

to work out the structural feature and dynamic behavior of LGT, such as FVM [32], 

shear transformation zone (STZ) model [39], mode-coupling theory (MCT) [40] and 

potential energy landscape (PEL) [41]. Free volume is often assumed to be an excess 

volume where atoms can move around without energy change. Turnbull introduced the 

concept and attributed the glass transition to the decrease of the free volume on cooling 

[32]. Although FVM is able to reproduce the flow characteristics of MGs, the absence 

of fundamental thermodynamic definition of the free volume prevents it from 

extensive use [42]. STZ introduced by Argon is a plastic deformation unit which 

consists of tens or hundreds of atoms. Within PEL framework, STZ model reveals that 

there is one-to-one correspondence relationship between viscosity and STZ shear 

modulus [42] and that glass transition can be referred to as percolation transition of 

mechanically unstable regions [43]. In MCT, the glass transition is supposed as the 

singular behavior of motion equations of the dynamic structure factors and 

successfully applied to the supercooled liquids at a critical temperature Tc above which 

the systems have ergodic nature. Because it was initially developed for thermodynamic 

equilibrium systems, MCT distinctly fails to predict the dynamic behavior on the glass 

side. In PEL, the dynamics of supercooled liquids and glasses is interpreted as space 

configurational hopping between local energy minima, called metabasins. This 

perspective suggests two types of metabasins: liquidlike and solidlike, of which the 

latter account for the slowing down of dynamics upon cooling because of multistep 

escapes from them [44]. 
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On the other hand, stimulated by those theories, a large amount of experimental and 

computational work has been performed [45-48]. The in situ X-ray experiment of 

Pd-based bulk metallic glass (BMG) confirms the existence of the critical temperature 

Tc predicted by MCT and shows that the structure factors follow the Debye theory up 

to the glass transition temperature [45]. The structural change and corresponding 

change in atomic dynamics and physical properties are understood as the result of the 

evolution of icosahedral ordering verified by the molecular dynamics analysis on 

Cu-Zr models [48]. According to the previous studies, the key to understanding the 

LGT lies in understanding the evolution of the atomic configurations. 

2.5 Mechanical behavior of metallic glasses 

MGs are attractive for structural applications due to their interesting combination of 

mechanical properties. Compared to their crystalline counterparts, MGs have the 

elastic moduli of the same order, but exhibit remarkably large yield strength coupled 

with a high elastic strain at yielding. This implies that MGs are able to sustain 

extremely large elastic recovery energy and are promising for shock-resistant use. In 

addition, MGs exhibit stable Newtonian viscous flow at high temperatures, making 

them suitable for superplastic forming. Despite these superior characteristics, there 

exists one unfavorable fact resisting their extensive use, i.e., MGs have little or even 

no plasticity. It is well known that the plasticity of a structural material under loading 

service is expected before total fracture to avoid any catastrophic failure. The absence 

of plasticity in MGs is agreed as the result of fast propagation of shear bands (SBs) [49, 

50]. 

SBs are a narrow region where the plastic deformation of MGs takes place. They 
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nucleate through the shear-induced dilatation and grow with the assistance of local 

heating [49, 51]. The propagation velocity of a SB is close to that of the sound [49, 50], 

which accounts for the rapid brittle fracture of MGs especially under tensile loads. This 

localized deformation region forms through the microscopic structural “defects” which 

has been elaborated elsewhere [4, 52] and will be revisited as follows. 

Free volume model is one of the earliest theories first introduced by Cohen and 

Turnbull [32, 53] to explain the glass transition in amorphous alloys, and then 

extended by Gilman [54] and Spaepen [55] for understanding the plastic flow of MGs. 

From the energy perspective, the free volume of an atom is a vacant area where the 

atom travels around without the energy input to overcome the barrier. From the 

structural perspective, the free volume sites have a loose atomic packing density in 

comparison with the neighboring regions. Due to the weak mechanical bonding around 

the free volume zones, the inelastic transition can be expected and activated by either 

mechanical deformation or structural relaxation through the local rearrangement of 

atoms. This model has been successfully applied to interpret the strain softening in the 

plastic deformation of MGs. As the mechanical stress is loaded on the glassy structures, 

the shear deformation occurs by creating the excess volume because of the absence of 

the periodic arrangement. Although the relaxation could follow on by atomic diffusion, 

the diffusive motion is slow and the excessive defects remain, leading to the reduced 

deformation resistance, strain softening, and localized shear transformation. The 

deformation process based on the FVM is schematically illustrated in Fig. 2.2a, where 

a single atomic jump is enabled by shear stress. 
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Figure 2.2 Schematically illustrated deformation mechanisms on the atomic length 

scale [52]. (a) Free volume model by Spaepen [55], and (b) shear transformation 

zone model by Argon [56]. 

Although the FVM is useful to explain the structural softening and inhomogeneous 

flow in MGs, it is not able to quantitatively describe the deformation process itself 

because a single atomic jump does not hold the shear strain. 

Shear transformation zone model first applied to MGs by Argon [56] can tackle the 

problem with the FVM by recognizing the collective motion of atoms which has been 

verified experimentally and computationally. Argon in his early work [39] built a 

two-dimensional raft made up of two different sizes of bubbles in almost equal 

amounts to approximate the glassy structure. Upon shearing the rafts underwent shape 

change by a collection of very local shear transformations. Falk et al [57] adopted a 

numerical simulation on a two-dimensional binary noncrystalline system and revealed 

two-state STZs as an additional state variable for the constitutive equation of the 

viscoplastic deformation. These zones are very small, perhaps containing only five or 

ten molecules. Fig. 2.2b depicts a two-dimensional plastic deformation induced by the 

shear displacement of STZs. As concluded by Schuh et al [52], an STZ is in fact not a 

(b) 

(a) 
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structural defect as compared to the dislocations in crystalline alloys; accurately, an 

STZ is a transition state which can only be detected upon deformation. It could be 

interesting to note that, according to the simulation work by Delogu [58], an individual 

STZ has an intermediate fractal dimensionality between line and plane. 

The STZ operation can be readily activated at the energetic sites and similar to the 

atomic jump in the FVM, causes the structural dilatation. The dilatational volume is 

not eliminated by the slow relaxation process at low temperatures and therefore 

benefits the formation of new STZs. AS more and more STZs are activated to percolate, 

an embryonic SB forms, leading to the autocatalytic generation of STZs for the growth 

of the SB. When reaching a critical length [59], the SB will propagate in a runaway 

manner. 

2.5.1 Size effects 

It is necessary to specify whose dimension the “size” is before discussing its effect. In 

homogeneous polycrystalline metals, there exist two types of definitions: one indicates 

the specimen size whose effect can be expected when it approaches the order of the 

intrinsic microstructures (e.g., grains); the other indicates the grain size whose effect 

has been manifested in the well-known relation-the Hall-Petch equation [60, 61]. Since 

MGs do not have microstructural defects and are usually presumed to be elastically 

isotropic, and also this effect may vary from one testing mode to another, the specimen 

size effect will be addressed in terms of loading modes. 

In compression, the most common mode, MGs show complicated plastic behaviors; 

some do not have plasticity, while some have prominent plasticity. The size-dependent 

behaviors also vary from glass to glass. In a Zr-based MG with a constant aspect 
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ratio (height:diameter=2:1) [62], the small sample presents extensive plasticity which 

is highly localized in a few SBs, and no vein patterns form on its fracture surface. The 

yield strength appears independent of the specimen size investigated. The similar 

size-dependent plasticity has early been reported by Huang et al [63] where the sample 

diameters are adjustable to set the aspect ratio constant (2:1). The vein patterns remain 

on the fracture surfaces of all the samples, and the primary SB spacing increases with 

increasing sample diameter. Similarly, the yield strength has the positive size 

dependence. The discrepancy between the above two studies might arise from the 

different fabrication methods for the compression samples; in the former, all the 

samples were cut from a large drop-cast rod, while in the latter, the samples at various 

sizes were all prepared by drop casting into Cu molds in various diameters. For these 

reasons, the former relates the larger plasticity in smaller samples to the smaller elastic 

springback of the testing machine; the latter refers the phenomenon to the larger free 

volume per atomic volume in smaller samples which experience a faster cooling rate. 

Besides the effect of the specimen size (exactly, the diameter), the aspect ratio indeed 

influences the deformation behavior, too. The improved plasticity is usually attained in 

low-aspect-ratio samples due to the suppressed propagation of single SBs [64]. 

Nonetheless, the macro-compressive plasticity is still an issue of debate because of the 

various intrinsic or extrinsic effects. 

So far all the compression testing discussed above is performed on a macroscopic 

length scale. As mentioned in the prior section, the plastic deformation of MGs is 

localized in a SB which is the result of the cooperative motion of STZs. The thickness 

of the SB is on the order of ten to a few hundred nanometers [52, 65, 66], and the size 
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of the STZ is on the order of a few nanometers or below [67]. When the specimen size 

is comparable to these characteristic length scales, the different mechanical response 

could be imagined. Jang et al [68], by using the micro-compression on Zr-based MGs 

(most have a size below 1 µm), reported a transition of deformation behaviors from a 

localization mode at the size above 100 nm to a homogeneous mode at the size of 100 

nm, which is considered to be the result of the dominant size-independent 

homogeneous flow. The compressive yield strength at 0.2% offset is reinforced down 

to a critical size and then holds constant. The similar transition for the plastic flow has 

already been observed in PdSi amorphous pillars [69]. Unlike the trend for the yield 

stress in the above work, the flow stress at 5% plastic strain, when near or in the 

homogeneous region, is reduced with decreasing pillar diameters; above the region, it 

remains nearly constant. Despite these contradictory facts, the knowledge on the 

plastic deformation of MGs keeps on expanding with the advancement of experimental 

techniques. 

In macroscopic tension, monolithic MGs typically fail without showing plasticity; thus 

the microscopic tension will be discussed together. Different from the compressive 

fracture surface, the tensile fracture surface consists of round cores as well as shear 

offset and veins [70, 71]. The fracture starts from the shear offset which is a smooth 

region and related to the stable moving of the SB, carries on by the formation of the 

cores under the normal tensile stress, and propagates rapidly in a shear state. Wu et al 

[71], by doing a series of tensile tests, concluded that as the specimen has a size below 

the critical offset distance, the shear deformation is changed from unstable to stable, 

leading to the brittle-to-ductile transition. This conclusion sees its support in the work 
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[72] where the pronounced necking and large failure strain are both observed to occur 

in a nano-sized Zr-based MG under the in situ TEM tensile test. In the extreme case 

when the specimen size goes to that approaching the order of the SB thickness as 

demonstrated in [73], even atomic chain forms after necking, which is already reported 

experimentally and computationally in some metallic nanowires [74-77]. From these 

results, it could be inferred that the homogeneous flow should be common to 

amorphous alloys with a critical small size varying across glasses. 

Regarding the computational technique, it is superior to the experimental technique in 

the sense that it can capture the electronic/atomic structures and relate them to the 

physical properties of bulk systems. Recently, Delogu [78], who performed the 

molecular dynamics of uniaxial compression on a binary MG, proposed a new insight 

into the size effect on the deformation behavior, exactly on the activity of STZs. He 

suggested that as the sample size is reduced so that a relatively large number of STZs 

consists of surface atoms as well, the autocatalytic activation of STZs is no longer 

operable because of the loss of the excess free volume on the surface. This assumption 

clearly throws light on the experimental facts described above that SB is hard to form 

when the specimen size is too small. 

In bending, the sample is in both tensile and compressive stress states, and SBs are 

produced on the surface. As reviewed by Kumar et al [79], the shear offset distance 

and the SB separation are both proportional to the sample thickness, and when the 

offset is sufficiently smaller than the radius of the plastic zone, the bending plasticity 

will increase with reduction of the sample size. 
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At last, it is worth noticing that there is a special size effect referred to as indentation 

size effect (ISE), typically manifested as the increasing hardness with decreasing size. 

It is special in the definition of the “size” which is something not to do with the 

specimen dimension but to do with the indent depth or volume probed by the indenter. 

Indentation testing is operated in a constrained deformation mode with high 

hydrostatic pressure and high multiaxial stress states below the region of contact. 

During penetration, the hardness responds differently depending on the composition: 

most have the positive ISE, some have the negative ISE, and some do not have both. A 

multifarious nature for the positive ISE is already presented in the literature, such as 

the strain gradient [80] and the interface friction [81]. The negative ISE is likely due to 

the nanocrystallization induced by either heat or stress [82]. The disappearance of ISE 

may stem from the remarkably small characteristic material length scale. 

Overall, the size-dependent properties shed light on the underlying deformation 

mechanisms and the potential application of MGs in miniaturization. 

2.5.2 Temperature effects 

At room temperature the plastic flow of BMGs is localized into SBs because of 

structural and thermal softening. The formation of SBs is related to the collective 

operation of STZs which are thermally activated. In addition, when heating up to 

above glass transition temperature, MGs enter into the supercooled liquid state. All the 

above processes are associated with temperatures. Thus, the temperature dependence 

of mechanical properties can be expected. 

Regarding the temperature change in SBs, as Spaepen put it [51], it is very important 

for understanding the SB operation and improving the mechanical properties. As 
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reviewed by Lewandowski et al [49], the early work treated the heating as adiabatic 

[83] and the calculated temperature increase was around 40 K [84]. However, the 

calculation was not correct in considering the thermal diffusion and did not recognize 

the even larger shear rate in SBs than the strain rate applied on the specimen. Later, 

more work was done and predicted the temperature rise going from a few kelvins to a 

few thousand kelvins [85-87]. The experimental evidence for local heating was already 

shown by Yang et al [88] who used the infrared thermography to measure the 

temperature increase of averagely 0.4 K. Due to the limited spatial and temporal 

resolution with the technique, the accurate temperature profile around the band cannot 

be revealed. Lewandowski et al [49] figured out a method with better resolution, the 

fusible tin-coating on a MG, and estimated the local temperature rise to be as high as a 

few thousand kelvin over a few nanoseconds. Recently, Cheng et al [89] found that the 

SB is not necessarily hot, depending on loading conditions. Furthermore, Miracle et al 

[90] revealed that the thermal profile is size dependent. From the above knowledge, 

MGs could appear ductile at low temperatures because the temperature rise in SBs is 

reduced. For example, a cryogenic compression was performed on a Ti-based MGs and 

demonstrated that the plasticity as well as strength increases with decreasing 

temperature (6.8% , 14.5% for plastic strain and 1.58, 1.71 GPa for yield strength, 

respectively at 298 and 123 K) [91]. The local heat around the shear-band front is 

partially relieved by low temperature. As a result, the SB growth becomes more 

difficult, possibly leading to the formation of more SBs or the rotation of SBs. The 

similar results have been reported in other MGs [92, 93]. 

Regarding the thermally-activated STZ activity, at low homologous temperatures, a 
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critical shear event is driven at high stress and without diffusion-induced ordering 

process; at high homologous temperatures, the critical shear event, with assistance of 

large thermal energy, can occur at low stress. The shear stress (strength at yielding), as 

concluded by Schuh et al [52], is related to temperature by a power law with a 

temperature form of (T/Tg)
1/2

. Johnson and Samwer [94] elicited the similar relation 

with a slightly different dependence of (T/Tg)
2/3

. High-temperature nanoindentaion on a 

Au-based MG by Yang et al [95] proved that the Johnson-Samwer analysis is 

applicable to the hardness change with temperature in the inhomogeneous state. 

Besides the strength, the deformation behavior is also dependent on temperature. 

Nanoindentation experiments on two MGs [96], of which one is Pd-based having a 

high Tg (≈303 °C) and the other is Mg-based having a low Tg (≈135 °C), show that far 

below Tg (as of Pd-based), MGs deform inhomogeneously and the elevated 

temperature promotes the displacement bursts; while near or above Tg (as of 

Mg-based), homogeneous flow dominates as the stress required for such flow becomes 

smaller than for the inhomogeneous flow at low temperatures, and the serrations 

vanish. Other experiments such as compression [97, 98] also see the similar response. 

In summary, the temperature-dependent behavior is reflective of the shear banding 

characteristics. 

2.5.3 Strain rate effects 

The strain rate response of SBs and mechanical properties has been investigated under 

a variety of loading modes. In uniaxial tension, a single SB tends to nucleate and grow 

rapidly along the maximum shear plane, resulting in the brittle fracture of MGs. In 

uniaxial compression, due to the geometrical constraints, MGs exhibit a limited 
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plasticity through a series of shear banding events. Under both modes, the strength of 

MGs at room temperature is usually observed to be independent of strain rates over a 

broad range, at least six orders of magnitude from a quasi-static mode up to a 

low-velocity impact mode [52]. In contrast, some other experiments under these 

conventional modes distinctly revealed either positive or negative effects of strain rates 

[99-102]. Meanwhile, some computational work supports the strength scaling with rate 

for MGs at the nanometer scale [103, 104]. These contradictory results might occur for 

two reasons: firstly, as predicted in the theories [52, 94], MGs have an extremely low 

strain rate sensitivity beyond the resolution ability of these traditional loading methods; 

secondly, the strain rate effect could be influenced by a few factors, such as material 

composition, sample geometry, test temperature and loading mode. 

Unlike these traditional loading techniques, instrumented nanoindentation is an 

important investigative technique with high spatiotemporal and force resolution, 

allowing for the precise measurement of stress drops or displacement bursts in 

materials [105]. In this respect, nanoindentation is a more helpful way to study the 

deformation behavior of MGs. Recently, experiments under this mode have been 

widely conducted to probe the loading/strain rate effect [106-109]. Pan et al [107] 

employed a skillfully designed method (i.e., rate-change indentation) and found that 

the hardness of both Ni-based MG and nanocrystalline nickel increases slightly with 

elevated loading/strain rates when measured at high loading rates (≥13.2 mN/s) 

underneath large depths (1 m), while Sort et al [106] observed the opposite effect of 

loading rates over a large range at a depth less than 300 nm, which is attributed to the 

enhancement of free volume therein. 
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2.6 Applications of metallic glasses 

Table 2.1 gives an outline of potential applications of MGs. Since the birth of the first 

MG Au-Si at Caltech, researchers have made persistent and successful efforts in 

applying them to practical use, such as industrial coatings, digital casings, storage 

devices, electronics cores, and space projects [110, 111]. Rather than discussing these 

applications by alloy category, it is preferable to organize them according to a property 

or characteristic. 

2.6.1 Mechanical properties 

The high strength, hardness, fracture toughness, elastic stain limit and low Young’s 

modulus makes MGs specially attractive to structural applications.  

a. Sporting, electronic and other consumer goods 

Lighter and stronger materials are demanded in the sporting industries where MGs 

could play gracefully. The earlier commercial use can be found in golf clubs [112], and 

then expanded to tennis rackets, bicycle frames, fishing equipment and so on [111].  

The incorporation of MGs into electronic products can be dated back to the year of 

2002 when Liquidmetal technologies began producing liquid crystal display casings on 

cell phones [113]. These alloys combine both performance and processing 

characteristics and assure more excellent durability. 

Fine jewelry is the newest application field where MGs prove superior to other 

crystalline metals because of strength, processing and finishing advantages [114]. For 

example, platinum-based MGs have low liquidus temperature of 522°C, large 

supercooled liquid region of 98°C for easy processing and low critical cooling rate 
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representing large casting thickness of 20mm. They show high yield strength (e.g., 

1400MPa for Pt57.5Cu14.7Ni5.3P22.5), are friendly with gemstone and thus do not degrade 

the gem. 

Table 2.1 Applications of metallic glasses based on mechanical, chemical, 

magnetic properties and superplastic forming ability 

Material Application Property Source Year 

Ti41.5Zr2.5Hf5Cu42.5Ni7.5Si1 Mass flowmeter 
Low Young’s modulus, 

high strength 
[115] 2007 

Zr55Al10Ni5Cu30 Pressure sensor 

Zi44Ti11Cu10Ni10Be25 
Replication of features on 

silicon mold 
Superplasticity [116] 2007 

Pd77.5Cu6Si16.5 Patterning  [117] 2007 

Fe-Cr-Mo-Al-Y-C-B Bipolar plate in fuel cells Corrosion resistance [118] 2006 

Mo31Si20N45 
Bridge-type or cantilever-type 

varactor 

Good conductivity, 

favorable mechanical 

attribute 

[119] 2006 

Zr55Cu30Al10Ni5 FIB Nanopatterning  [120] 2006 

Co-Fe-B 
Free and reference layer of 

SDT junctions 
 [121] 2004 

Pd76Cu7Si17 

Spring linear actuator  [122] 2003 

Inductor Good conductivity [123] 2003 

Microforming of cantilever  [124] 2003 

Zi41.25Ti13.75Cu12.5Ni10Be22.5 

(Vitreloy1) 

Substrate of Surface acoustic 

wave device 

Low as-cast surface 

roughness 
[125] 2002 

Fe70.2Co7.8Si12B10 

Strain sensor based on 

magnetic tunneling junctions 

(MTJs) 

Magnetostrictivity [126] 2002 

Zr75Cu19Al6 Electrostatic microactuator  [127] 1999 

Fe40Ni38Mo4B18 Microsensors for remote query Magnetoelasticity [128] 1999 

 



Chapter 2 Literature review 

 

  30 

b. Industrial applications 

MGs have moved their steps into extensive application areas, e.g. medical, automobile 

and aerospace industries besides the above mentioned. 

In medical industry, Vitreloy has been used for production of ophthalmic scalpel blades, 

knives and razor blades due to high quality but less expensive processing. 

In automobile industry, valve springs made of Zr-based MGs were invented at the 

research lab [129]. Replacement by a Zr-based MG will reduce the overall weight of 

an engine and thus improve fuel consumption. 

Up to the present, only Zr-Nb-Cu-Ni-Al was reported to be used in aerospace as a 

coating layer catching solar wind [113]. 

c. Coatings and reinforcement in composites 

MGs obtain their application in coatings industry due to high wear resistance. Fe-based 

amorphous alloy (e.g. Armacor developed by Liquidmetal) is now commercially 

available in the refinery coker wall, firebox, and oil drill pipe. Amorphous coatings 

also catch lab researchers’ attention. Recently, AISI 4140 steel coated with 

Fe-Cr-Mo-Y-B-C MG was attempted by laser surface processing, revealing 

improvement in hardness and wear resistance although amorphous structure does not 

remain after processing [130]. Meanwhile, Fe-B-Si-Cr-Mo amorphous coating was 

successfully prepared on a 304 stainless-steel substrate by gas tunnel type plasma 

spraying [131]. Abrasive wear test shows that the MG coating has a higher abrasive 

wear resistance than SUS substrate. 

Beyond coatings application, MGs as reinforcement in composites are quite promising 
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as well. In early 1980s, MG ribbons were added into epoxy resin and enhancement of 

tensile strength was observed (36~67% increase in fracture strength depending on the 

stress state of the MG ribbons) [132]. Several years later, MG ribbons were introduced 

into glass ceramics and significant improvements in strength (80.7~120.4% increase in 

fracture stress depending on the reinforcements and their volume fraction), fracture 

toughness of matrices (151.9~270.6% increase) were found [133]. Recently, Al-based 

metal matrix composites reinforced with Al-Y-Ni-Co glassy powders were formed by 

powder metallurgy method, exhibiting high strength (up to 295 MPa for the 

composites with 50 vol. % glassy phase as compared to 155 MPa for pure Al) and 

ductility (ranging between 7% and 10% at maximum stress) [134]. 

2.6.2 Magnetic properties 

Soft magnetic MGs with low coercivity and high electrical resistivity are very suitable 

for transformer cores. Fe-Al-Ga-P-C-B-Si glassy alloy powders prepared by Yoshida et 

al [135] were made into a core which has a constant permeability of about 110 up to 

10MHz in comparison to commercial cores and a very low core loss of 610 kW/m
3
 in a 

magnetic field of 100 kHz, 0.1 T. Based on these distinguished high frequency 

magnetic properties, magnetic-shielding sheets for laptops were fabricated [136]. 

Metglas 2605SA1 (Fe-based, “metglas” is a trademark), a commercial magnetic 

material has an as-cast saturation induction of 1.56 T, maximum permeability of 

45,000, and coercivity as low as 1.2 A/m, resulting in extremely low core loss—less 

than 0.2 W/kg at the magnetic field of 60 Hz, 1.4 T and suggesting brilliant use for 

motors and high frequency inductors. 

A problem with MGs is their small size that limits them to a range of small-scale 
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applications before the year of 2000. Nevertheless, it is now possible to use MG 

ribbons at a large size (more than 100 mm in width) [110]. The world’s largest 

amorphous metal-based distribution transformer was produced in Korea 2007, the size 

of which is 3.7 m×3.95 m×3.5 m (width×depth×height) with efficiency of 99.31%. 

2.6.3 Chemical properties 

The superb corrosion resistance present in MGs is believed to originate from the 

amorphous structure, composition and the passive films growing on the surface. A 

review has been given elsewhere [137] on corrosion resistance of Zr-, Ni-, Fe- and 

Cu-based BMGs, where the corrosion resistant properties are correlated with 

compositon and surface films. 

Friendly biomaterials are undergoing an expanding need and seem to be the most 

likely application field exploiting the corrosion resistant properties of MGs. Most 

recently, a Ti-Pd-based MG without toxic elements was developed [138] with good 

bending plasticity, high glass transition temperature of 797 K, large supercooled liquid 

region of 36 K, and superior passivating performance in a lower current density of 

around 10
-2

 A/m
2
 compared to Ti and Ti6Al4V alloys. Relying on these properties, the 

Ti-Pd-based MG is very appropriate for use in an orthopedic bone fixation device. 

Fuel cell technology is a hot area driven by the energy needs and environmental issues. 

Bipolar plates (BPs) are one of the most key parts accounting for 60~80% of weight 

and 29~45% of cost in a fuel cell stack [139, 140]. Fe- and Ni-based MGs have been 

selected for materials as BPs [141, 142]. The findings show that both Fe- and Ni-based 

MGs are better in corrosion resistance than SUS316L while Ni-based MGs exhibit 

more excellent performance.  
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In conclusion, the widespread use of MGs can be expected based on those good 

mechanical, magnetic and chemical properties. 

2.7 Summary 

MGs are very fascinating due to their excellent physical and chemical properties. A 

large number of MGs have been developed with good mechanical properties and 

thermal stability. Based on these superior properties, MGs have seen their wide 

applicatinons in the industrial fields such as coatings, digital casings, storage devices, 

electronics cores, and space projects. 

Atomic structure is the origin of material properties. Unlike crystals, MGs do not have 

crystallographic symmetry and long-range structural periodicity, and thus there are no 

crystalline defects in the amorphous structure. A few models such as DRP and ECP 

have been proposed to clarify the amorphous structure, although they are not sufficient 

to represent all the structural features in MGs (see Section 2.2). So far it is agreed that 

the amorphous structures especially in strong glass formers are not fully composed of 

randomly packed atoms; in fact, they exhibit short-to-medium range order. As a result, 

the mass density is quite close to that of their crystalline forms. 

Due to the absence of defects, MGs deform plastically through the propagation of SBs 

which are localized in a very thin region. As the propagation is as fast as the sound 

velocity, MGs fail without showing macroscopic plasticity. The rapid propagation 

results from the structural softening. Two models were already proposed to recognize 

that the softening arises from the shear-induced dilatation: free volume model and 

shear-transformation-zone model. In addition, the shear banding characteristics (e.g., 

the temperature profile in the SBs, the shear strain rate, etc.) are influenced by testing 
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conditions, such as specimen size, temperature and strain rate. 

In review of the past efforts, it is hoped that the work in this project may expand the 

knowledge on thermal and mechanical properties of MGs so as to further establish 

their relationship and improve the properties. 
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Chapter 3 Amorphous Structure and Thermal 

Properties of Metallic Glasses 

3.1 Introduction 

As introduced in the literature review chapter, atomic structure is the origin of material 

properties. In addition, this project focuses upon MGs. Thus, it is necessary to identify 

the amorphous nature of the as-prepared materials prior to the investigation of their 

properties. 

In this chapter, nine amorphous compositions are fabricated which present largely 

different glass transition temperatures ranging from approximately 100 °C up to 

500 °C (see Table 3.4). Their glassy structures are verified by experimental methods. 

Computational methods are used as a complementary tool to give an insight into the 

amorphous structure. Finally, the thermal properties of these compostions are 

characterized and discussed. 

3.2 Experimental methods 

3.2.1 Melt spinning 

Melt spinning is a technique most commonly used for production of MGs due to the 

rapid cooling rates (normally ranging from the order of 10
4
 to 10

7
 K/s [143]). An alloy 

ingot is melted, usually in a quartz crucible and by radio-frequency induction. The melt 

runs through a nozzle of the crucible, is ejected against a cold rotating copper wheel 

and solidified into a continuous ribbon. The width of the ribbon is adjusted by the size 

of the nozzle while the thickness is controlled by the rotating speed of the wheel. The 
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set-up configuration of the melt spinner is illustrated in Fig. 3.1 [143]. 

In this work, Al-based and Mg-based amorphous ribbons were both fabricated by melt 

spinning in an argon atmosphere. The wheel speed is 30 m/s for Al-based ribbons and 

10 m/s for Mg-based ribbons; the former have a thickness of ~20 µm and a width of ~3 

mm, whereas the latter have a thickness of ~100 µm and a width of ~2 mm. 

 

Figure 3.1 The set-up configuration of a melt spinner [143]. 

3.2.2 Magnetron sputtering 

Magnetron sputtering is a method of depositing thin films with application of a 

magnetic field. The sputtering process is operated in a vacuum chamber which is 

evacuated to a base pressure and then backfilled with a continuous flow of gas such as 

Ar. The gas, under a discharge voltage, is ionized and the ions bombard the surface of 

a so-called “target” material where coating atoms are knocked off and condense as a 

thin film on a “substrate”. The magnetic field is introduced to confine the motion of 

electrons and thus sustain the ionization. Compared to other rapid solidification 

techniques such as melt spinning, sputter deposition is more effective in making glassy 

structures because the rapid cooling rates are more easily achievable. Fig. 3.2 gives a 

system configuration of a magnetron sputtering. 
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In this work, CuZr thin films were deposited on Si (100) substrates by magnetron 

sputtering system under an argon (Ar) atmosphere. The base pressure was 2.0–2.510
-4

 

Pa, and the sputtering process Ar pressure was 0.3 Pa. To achieve the desired 

compositions, two targets were used; one a Cu50Zr50 alloy target operated under 

direct-current (DC) power of 250 W and the other a Cu target with a radio-frequency 

(RF) power of 0, 25, 50, 100 and 120 W. The Si substrates were placed on a holder 

rotating around a central axis at a constant speed (i.e., about 20 cycles/min). To strike 

off the possibly existing oxide layer on the target surface, pre-sputtering was carried 

out for a few minutes (within 2 mins), followed by a sputtering process for ~220 mins. 

The thickness of the thin films ranges from 3.5 to 4.6 m. Shown in Fig. 3.3 is the Cu 

content as a function of RF power, where a linear relationship is obviously observed. 

3.2.3 X-ray diffraction 

X-ray diffraction (XRD) is a non-destructive method for quantitative analysis on phase 

composition of materials. In this work, XRD was operated on a system (Philips X’pert 

1830) using monochromatic CuKα radiation (λ=0.1542 nm). The detector step size is 

0.02° with a scan rate of 1.00°/min. The work voltage and current are respectively 

maintained at 30 kV and 20 mA. 

3.2.4 Scanning electron microscopy 

Scanning electron microscopy (SEM) has seen a lot of applications to materials 

characterization: surface morphology by secondary electron imaging, phase 

identification by backscattered electron imaging, and compositional analysis by energy 

dispersive X-ray spectrometry (EDX or EDS), etc., which are due to the interaction of 

incident electron beams with the surface of test materials. SEM imaging is realized by 
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raster scan of fine focused beams over the sample surface, and the size of interaction 

volume accounts for the imaging resolution. 

In this work, SEM imaging was carried out on JEOL JSM-5600LV under an 

accelerating voltage of 20 kV. The chemical composition was analyzed using EDX 

(Oxford Instruments). 

 

Figure 3.2 Schematic representation of a magnetron sputtering system for the 

fabrication of thin films. 
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Figure 3.3 Compositional dependence of CuxZr100-x thin films on radio-frequency 

(RF) power. 

3.2.5 Transmission electron microscopy 

Transmission electron microscopy (TEM), is to form an image by “seeing” electrons 

travelling through a thin specimen. Unlike SEM, TEM has a imaging process that the 
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object plane of the intermediate lens coincides with the image plane of the objective 

lens so that the image is projected onto the viewing screen. 

In the current project, TEM was operated on JEOL2010 at an accelerating voltage of 

200 kV. As amorphous structure could be damaged (e.g., crystallization) when 

subjected to ion milling at a beam energy above 3 keV, two very thin specimens were 

fabricated for direct TEM observation; one deposited on a PMMA substrate by 

sputtering of a Cu50Zr50 target at a DC power of 100 W for 4 mins, and the other 

deposited on the same substrate by co-sputtering for 2.5 mins at a DC power of 250 W 

for Cu50Zr50 target and a RF power of 50 W for Cu target. Then, they were transferred 

onto a Cu grid by dissolving PMMA with acetone. 

3.2.6 Differential scanning calorimetry 

Heat flow during physical or chemical process can be detected by differential scanning 

calorimetry (DSC). This thermoanalytical technique has been widely used to measure 

the characteristic temperatures where phase transitions (e.g., glass transition, 

crystallization) occur. 

In this study, thermal analysis was carried out using TA Q200 DSC. Temperature and 

heat of fusion are both calibrated by using standard reference materials (indium and 

zinc). The test mass varies, depending on specimens; for those in a bulk or ribbon form, 

it is 10-20 mg, whereas for those in a thin film form, it is 1-2 mg. The specimens were 

wrapped in Al pans and then loaded into the DSC pressure cell filled with a continuous 

flow of Ar gas at a flow rate of 50 mL/min for bulk or ribbon specimens and 200 

mL/min for thin film specimens. After temperature equilibration, they were 

continuously heated up at various heating rates (5-80 K/min) to above full 



Chapter 3 Amorphous structure and thermal properties of metallic glasses 

 

  40 

crystallization temperature and then cooled down, followed by a second heating run as 

a baseline. Glass transition temperature (Tg), crystallization temperature (Tx) and heat 

enthalpy (Hx) are calculated by following the methods in ASTM E1356 and ISO 

11357. 

3.3 Computational methods 

Molecular dynamics simulation (MDS) is a computational method by which the 

motion of atoms or molecules can be calculated according to the Newtonian mechanics. 

Incorporated with computer simulation, materials research takes on a new look and can 

be visualized. Visualization means that change at the atomic or microscopic scale can 

be observed. Using MDS helps correlate the atomic process with the bulk properties, 

which is indeed useful for materials design. 

3.3.1 Statement of purpose 

Even though TEM is commonly used to characterize 2D structure of MGs at an atomic 

scale, it is most often difficult if impossible to image atomic configurations due to 

multiple factors such as spherical aberration and sample thickness. Atomic 

configuration is herein defined as the way of atomic arrangement especially in the first 

and second neighboring shells. The emergence of MDS, however, makes it possible to 

“observe” such short-to-medium-range order structures. 

In the computational work (Section 3.4.2), Ti50Cu50 compound was selected as model 

system. The structural evolution and short-to-medium-range order structures will be 

investigated as an extension of experimental work (Section 3.4.1). The reasons for the 

choice of the Ti50Cu50 system are as follows: 



Chapter 3 Amorphous structure and thermal properties of metallic glasses 

 

  41 

(1) It contains only two metallic elements, which is preferable for simulation from 

the viewpoints of both computational efficiency and accuracy. Systems with 

more than two elements are not interesting because few potential functions are 

available, while one-element systems are not technologically attractive because 

they are difficult or even impossible to be made glassy in experiments. 

(2) It is chemically similar to Cu50Zr50 which will be studied in experiments 

(Section 3.4.1). Ti50Cu50 has been known as a poor glass former from the 

viewpoint of reduced glass transition temperature (e.g., 0.47 from Ref. [144]), 

while Cu50Zr50 is one of the best glass formers among binary amorphous alloys. 

Since a lot of work has been performed on the atomic structure of Cu50Zr50, the 

study on a poor glass former would give an alternative perspective for the 

effect of atomic structure on the glass forming behavior. 

(3) The fast atomic dynamics in a poor glass former may be suitable for 

investigation of structural evolution on rapid quenching. 

3.3.2 Simulation conditions 

The computational study is carried out with Materials Explorer 5.0. Presented in Fig. 

3.4 is the diagram of typical simulation process. 

The selection of conditions is critical for correct simulation. These conditions include 

potential function, timestep size and cutoff radius. 

3.3.2.1 Potential function  

Potential function is the most important factor because it defines the interatomic action. 

The more accurate the potential, the more reliable the simulation is. In the present 
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study, general embedded-atom method (GEAM) is used to describe the interatomic 

forces. 

The total energy of GEAM takes the form [145, 146] 

    i
i

iijijtot   


FrE
ji,j,i

2

1
 (3.1) 

     1exp  eijeijij rrr   (3.2) 

where ij is the two-body potential between atoms i and j separated by rij, re is the 

equilibrium spacing between nearest atoms, and Fi represents the embedding energy 

depending on i, the electron density which can be expressed as 

  



ijj

r
,

ijji   (3.3) 

     1exp  eijeijj rrr   (3.4) 

where j is the electron density at atom i due to atom j at a distance rij. The parameters 

(e.g., e, re, e,  and β) in the above expressions are obtained by fitting to basic 

material properties such as lattice constants, elastic constants, vacancy formation 

energies, etc. [145]. 
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Figure 3.4 Flow chart depicting the various steps of MD simulation process 

The system evolves under control of fifth-order Gear’s predictor-corrector algorithm, 

which consists of three basic steps. The first step is to predict atomic positions ri at 

time t+t using a fifth-order Taylor series: 

                 
!5!4!3!2

5432
t

tr
t

tr
t

tr
t

trttrtrttr


 v
i

iv
i

iii
iiiii    (3.5) 

               
!4!3!2

432 t
tr

t
tr

t
trttrtrttr


 v

i
iv

i
iii

iiii    (3.6) 

                
!3!2

3
v

i

2
iv

i
iii

iii

t
tr

t
trttrtrttr





   (3.7) 



Chapter 3 Amorphous structure and thermal properties of metallic glasses 

 

  44 

            
!2

2t
trttrtrttr


 v
i

iv
i

iii
i

iii
i   (3.8) 

          ttrtrttr  v
i

iv
i

iv
i   (3.9) 

      trttr v
i

v
i    (3.10) 

The second step calculates the interatomic force fi on each atom at time t+t using the 

predicted position: 
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where r


 is the unit vector in the rij direction. 

The last step is to correct the predicted positions and their derivatives using the 

discrepancy ir  between the predicted acceleration and that given by the evaluated 

force fi: 

     ttrttrr  f
iii   (3.12) 

3.3.2.2 Timestep 

Timestep is t in Gear’s predictor-corrector algorithm, which directly influences the 

computational errors and thus accuracy of the simulation result. From the viewpoint of 

computational efficiency, a large timestep size is preferable. However, a small timestep 

size is better from the viewpoint of computational accuracy. The choice of timestep is 

dependent on system size, controlling algorithms, potential functions, simulation time 

and so on. Due to a lot of factors affecting the determination of timestep size, it is 



Chapter 3 Amorphous structure and thermal properties of metallic glasses 

 

  45 

better to use the trial-and-error method before performing a simulation. 

In this study the effect of timestep size was examined on the properties of systems with 

different size and found that the system is stable when the timestep size is lower than 5 

fs and becomes fluctuating when the timestep size is larger than 5 fs. 

3.3.2.3 Cutoff radius 

Cutoff radius is a distance where the interatomic force can be taken as zero. On one 

hand, a large cutoff radius will increase the number of calculations. On the other hand, 

a small cutoff radius can make the calculation deviate from the real solution. Trial and 

error method is used again to determine the cutoff radius. 

To this aim, a model structure was built with 576 particles divided equally by Ti and 

Cu atoms. The timestep size is 1 fs. The cutoff radius was set as 5, 6, 7.5 and 10 Å, 

respectively. Then, the relaxation run was performed. The potential energy is 

monitored to see how it changes with cutoff radius, which is given in Fig. 3.5. 

It is evident that the potential energy decreases rapidly and becomes almost constant 

beyond the cutoff radius 7.5 Å. Therefore, the cutoff radius of 10 Å is chosen in the 

following work. 



Chapter 3 Amorphous structure and thermal properties of metallic glasses 

 

  46 

 

5 6 7 8 9 10 

-4.2 

-4.0 

-3.8 

-3.6 

P
o

te
n

ti
al

 e
n

er
g

y
 (

eV
/a

to
m

) 

Cutoff radius (Å)  

Figure 3.5 Change of potential energy with cutoff radius 

3.3.3 Analysis techniques 

The common techniques, which are used to characterize the atomic structure in 

simulation, involve radial distribution function (RDF) and Voronoi tessellation analysis 

(VTA). 

3.3.3.1 Radial distribution function (RDF) 

Since there is no periodicity in noncrystalline materials, RDF is a good method to 

describe the atomic arrangement in them. RDF is defined as the possibility of finding 

an atom at a distance r from the origin. For simplicity of explanation, a schematic 

picture showing the definition of RDF is given in Fig. 3.6. From a mathematical 

standpoint, the RDF is the integration over the peak, i.e., the dotted region in the figure. 

From RDF patterns, a few structural characteristics can be calculated such as the 

degree of order, CN and bond length as follows: the degree of order is determined by 

the intensity and width of RDF peaks;  
r

2 d4CN rrgr , where ρ and g(r) stands 

respectively for the average number density of atoms and RDF; bond length is defined 

as the distance where the first peak reaches the maximum intensity. 
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3.3.3.2 Voronoi tessellation 

RDF just presents the average structural information and does not show polyhedral 

construction in 3D space. Voronoi tessellation deals with this problem by seperating 

3D space into Voronoi cells [147, 148], the analog of Wigner-Seitz cells in crystalline 

materials. So one configuration can be distinguished from another through Voronoi 

index <n3, n4, n5, n6, …>, where ni stands for the number of i-edged faces of a Voronoi 

cell and  in  is the total CN. For example, the Voronoi indices of bcc, hcp, fcc and 

icosohedron are <0, 6, 0, 8>, <0, 12, 0, 0>, <0, 12, 0, 0>, and <0, 0, 12, 0>, 

respectively. According to VTA, some quantities can be calculated such as Voronoi 

volume, surface area of model system and distribution of atomic configurations. 

 

x 

y 

r 

r+dr 

 

Figure 3.6 Schematic picture showing the definition of RDF 

3.4 Amorphous structure 

3.4.1 Experimental characterization 

Nine MG compositions were surveyed (see Table 3.1). Prior to measurement of their 

properties, it is necessary to confirm that they are fully amorphous. XRD and TEM are 

complementary methods for structural characterization. Shown in Fig. 3.7 are the XRD 

spectra for all the compositions of this study. Over the whole range of diffraction angle, 

no crystalline peaks appear. A broad diffraction peak typically occurs, which is 
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characteristic of amorphous structure. The diffraction angle where the broad peak 

emerges depends on the composition; for example, in Fig. 3.7a, La-based MG has an 

angle of 31.12°, while the others have an angle of around 38°. Interestingly, in Fig. 

3.7b, the diffraction halo maximum for CuxZr100-x thin films shifts to the right as the 

Cu content increases. 
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Figure 3.7 X-ray spectra for nine compositions in (a) a bulk or ribbon form and (b) 

a thin film form. In (a), indicated by circles are the areas where a second 

amorphous peak occurs. 

It is known that, when assuming the amorphous structure consists of only one type of 

atom, the X-ray scattered intensity due to a particular interatomic distance r can be 

described as [149]: 

    
 






 


kr
fNI rr





2
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12 rk

kk  (3.13) 

where Nr is the number of atoms at a separation r, f (k) is the atomic scattering factor, 

and k is the scattering vector. The intensity has maxima at 2πkr=(1+4n)π/2 (n=1, 2, 

3, …). The average radius Rs of the first coordination shell is thus given as [149]: 

 1,
sin24

5
 nrRs




 (3.14) 
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where λ is the X-ray wavelength and θ is the angle where a maximum occurs in the 

diffraction pattern. According to the above equations, there are two points worth noting: 

the first is that the scattered intensity is closely related to atomic distance; the second is 

that the term λ/(2sinθ) representing the Bragg equation can only be applied to 

amorphous materials when multiplied by a factor, e.g., 5/4 in Eq. 3.14. In practice, the 

factor has a smaller value of 1.22 [150]. 

Now it is understood that the peak shift with addition of Cu corresponds to the 

decrease in R, which is attributed to the smaller size of Cu atoms than that of Zr atoms. 

The average radius R is summarized in Table 3.1. Metallic bonding is normally 

dominant in MGs. However, there exists a covalent component in Mg-based alloys. 

Careful analysis on XRD patterns in Fig. 3.7a reveals that, beyond the first broad peak, 

there usually exists a second broad peak with very low intensity (indicated by circles in 

the inset of Fig. 3.7a), which is related to medium-range-order structures. 

Fig. 3.8 presents the TEM images and corresponding selected-area electron diffraction 

(SAED) patterns for CuZr thin films (refer to Section 3.2.2 for detailed sputtering 

conditions) and an as-quenched Al85Ni5Y8Co2 ribbon (courtesy of H. W. Yang [151]). 

No obvious lattice fringes exist, which suggests random atomic arrangement. A 

sharpening secondary halo, marked by a white arrow in the inset diffraction patterns, 

has been related to medium-range order [152]. Such length-scale order cannot be 

accessible by conventional techniques using X-ray, electron or neutron beams because 

they typically characterize the structure over a comparatively large volume of 

specimen. In the next subsection, a simulation method will be used to “see” the atomic 

structure at the short-to-medium range of length. 
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Table 3.1 Information on nine compositions surveyed in this project. RBragg, Rm and Rc indicate the radius calculated from the Bragg 

equation, the metallic bonding length and the covalent bonding length. 

Composition Fabrication method 
Geometry, 

thickness (µm) 
RBragg (Å) R (Å) Rm (Å) Rc (Å) Exp. (Å) 

Al86.5Ni4.5Y9 Melt spinning Ribbon, ~20 2.37 2.89 

Al-Al 2.86 

Al-Ni 2.67 

Al-Y 3.21 

Al-Al 2.36 

Al-Ni 2.33 

Al-Y 2.80 

For Al87Y8Ni5 [153]: 

Al-Al 2.86 

Al-Ni 2.68 

Al-Y 3.20 

Mg67Zn28Ca5 Melt spinning Ribbon, ~100 2.40 2.92 

Mg-Mg 3.20 

Mg-Zn 2.98 

Mg-Ca 3.57 

Mg-Mg 2.72 

Mg-Zn 2.61 

Mg-Ca 3.10 

 

La65Al14(Cu5/6Ag1/6)11Ni5Co5 

[154] 
Copper mold casting Bulk 2.87 3.51 

La-La 2.76 

La-Al 2.81 

La-Cu 2.66 

La-La 2.50 

La-Al 2.43 

La-Cu 2.42 

La-La 3.76 [154] 

La-Al 3.31 

La-Cu 3.16 

Zr44Ti11Cu10Ni10Be25 (LM1b) 

(Liquidmetal Technologies, Inc.) 
Copper mold casting Bulk 2.39 2.91 

Zr-Zr 3.20 

Zr-Ti 3.05 

Zr-Be 2.72 

Zr-Zr 2.90 

Zr-Ti 2.77 

Zr-Be 2.35 

 

Cu46.6Zr53.4 Magnetron sputtering Film, 3.58 2.36 2.87 

Cu-Cu 2.56 

Cu-Zr 2.88 

Zr-Zr 3.20 

Cu-Cu 2.34 

Cu-Zr 2.62 

Zr-Zr 2.90 

For Cu50Zr50 [155]: 

Cu-Cu 2.53 

Cu-Zr 2.75 

Zr-Zr 3.15 

 

For Cu57Zr43 [156]: 

Cu-Cu 2.65 

Cu-Zr 2.80 

Zr-Zr 3.15 

Cu49.3Zr50.7 As above Film, ~3.5 2.34 2.85 

Cu53.8 Zr46.2 As above Film, 3.57 2.28 2.79 

Cu59.7Zr40.3 As above Film, 4.61 2.25 2.75 

Cu62.6Zr37.4 As above Film, ~4 2.24 2.73 

Note: In columns of Rm, Rc, and Exp., only dominant bonding types are given for comparison. 
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Figure 3.8 TEM images for (a) a CuZr thin film by sputtering at a DC power of 

100 W, (b) a CuZr thin film by co-sputtering at a DC power of 250 W for CuZr 

target and a RF power of 50 W for Cu target, and (c) an as-quenched Al85Ni5Y8Co2 

ribbon (courtesy of H. W. Yang [151]). Insets show the corresponding SAED 

patterns. The white arrow indicates a second amorphous ring which could be 

related to medium-range order. The white scale bar represents 5 nm. 
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3.4.2 Molecular dynamics simulation 

The work in this section has been published in [157]. 

3.4.2.1 Simulation method 

A starting configuration of 2592 atoms is constructed with a crystalline structure (B11) 

and density (6.25 g/cm
3
). The configuration has a size of 3×3.3×3.9 nm

3
 and the atoms 

are divided equally into Cu and Ti. Calculations are carried out under the ensemble of 

NPT with number of particles N, pressure P (P=0 throughout the simulation) and 

temperature T constant. The equations of motion are solved by a fifth-order Gear’s 

predictor-corrector algorithm with a time step size of 5 fs. Velocity scaling method 

controls the temperature at every time step. Periodic boundary conditions are applied 

along the three Cartesian axes. The cutoff distance used in the force calculation is 10 Å, 

which is two times smaller than the edge length of the simulation box and thus avoids 

the interaction between the origin and image atoms. To capture the structural evolution 

and the amorphous structure as well, the liquid quench process is employed. The liquid 

state is achieved by directly equilibrating the initial crystalline configuration at the 

melt temperature of 2000 K for 12.5 ps (2500 time steps). Such heating temperature is 

much higher than the melting point of Ti50Cu50 compound (1255 K) and allows for the 

homogeneous liquid state. Then the system is cooled down continuously to 298 K at a 

cooling rate of 17 K/ps, followed by an equilibration run at 298 K for 12.5 ps. The 

equilibrated structure takes a volume of approximately 3.1×3.2×3.9 nm
3
. Atomic 

structure is characterized by Voronoi tessellation which separates 3D space into 

Voronoi cells, the analog of Wigner-Seitz cells in crystalline materials. Hence, one 

configuration can be distinguished from another through Voronoi index <n3, n4, n5, 
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n6, …>, where ni stands for the number of i-edged faces of a Voronoi cell and Σni is the 

total CN. 

3.4.2.2 Structural evolution 

The total and partial RDFs from 2000 K to 300 K are both given in Fig. 3.9. The first 

maximum peak positions correspond to the nearest interatomic distances. As the 

temperature decreases , the first maximum peaks in all RDF patterns shift step by step 

to the right but the first minimum step by step to the left. For example, the first 

neighboring distances from 2000 K to 300 K in the total RDFs are respectively 0.266, 

0.266, 0.268, 0.268, 0.268, 0.269, and 0.269 nm. The reduced first neighboring 

distances reveal that the nearest interatomic action becomes stronger with increasing 

temperature due to the weakening effect from atoms in the next neighboring shells. 

The damping intensity and broadening of the first peak both shows that the system 

appears more and more disordered at a higher temperature. These phenomena 

mentioned have been verified in experiments [45, 46]. The CNs in the first shell of all 

states at different temperatures are calculated by integrating the first peak over a 

defined distance region. It is found that they have quite similar CNs ranging between 

12 and 13 (see Table 3.2). 

Table 3.2 The local structural parameters in the first shell of all states 

 Temperature (K) 

300 500 700 900 1200 1500 2000 

First peak position (nm) 0.269 0.269 0.268 0.268 0.268 0.266 0.266 

First minimum (nm) 0.355 0.360 0.365 0.370 0.370 0.370 0.380 

Coordination number 12.5 12.5 12.8 12.9 12.8 12.6 12.7 
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Figure 3.9 Total and partial RDFs of Ti50Cu50 at different temperatures. 

The second RDF peak is worth noting because it also involves useful information 

about the structural evolution. Obviously, as temperature drops, the shape of the 

second peak changes from a smooth feature to that of having a shoulder. The transition 

temperature is around 900 K where the second peak begins to split into two subpeaks. 

Thus, it could be said that the undercooled liquid exhibits an amorphous feature. The 

splitting of the second peak is considered to be a natural consequence of narrowing of 

the first peak [158]. Exactly, the splitting arises from the change of bonded pairs or 

polyhedral configurations with temperature [159]. 

Structural evolution contributes to the change of RDFs and structure factors with 

temperature. The distribution of the most commonly occurring Voronoi polyhedra at 
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temperatures of 300 and 2000 K are shown in Fig. 3.10. Due to its sensitivity to 

thermal vibration and cutoff radius, the polyhedral distribution was obtained by 

averaging over a time period to eliminate the thermal effect. In addition, the results 

were compared by adopting possible cutoff radii and negligible difference was found. 

Unlike the crystals of this study where the CN of an atom is 14, the CNs of 12 and 13 

are preferable in both liquid and glassy states. The fraction of polyhedra with CN of 12 

increases by about 5% from 2000 to 300 K, and that of the others does not change 

much. Such a distribution is not unique and has been discovered in a number of 

amorphous metallic systems [11, 160, 161]. It should be noted that even though 

Ti50Cu50 is a weak glass former it exhibits a very similar polyhedral distribution to the 

bulk MGs. 
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Figure 3.10 Polyhedral distribution at temperatures of (a) 300 K and (b) 2000 K. 

Because the configurations with CNs of 12 and 13 are both the dominant types, their 

variation with temperature is presented in Fig. 3.11, where other polyhedra with 

population lower than 1% are neglected. Interestingly, some polyhedral types appear to 

be sensitive to temperature, and some not. In Fig. 3.11a, the icosahedral type <0, 0, 12, 

0> has a rather low fraction of around 1% at 2000 K, which is often believed to be the 

major component consisting of the amorphous structure in MGs. As the 
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temperature decreases, its number frequency grows slowly in the liquid region and 

then rapidly in the supercooled liquid region. At the glassy region, the frequency 

approaches a constant of about 8%. Similarly, the structural evolution happens to the 

polyhedral types <0, 2, 8, 2>, <0, 1, 10, 2>, and <0, 2, 8, 3>. Such configurational 

development on cooling has been reported elsewhere [48, 162]. It is worth noting that 

besides <0, 0, 12, 0> those polyhedra <0, 2, 8, 2>, <0, 3, 6, 3>, <0, 1, 10, 2>, <0, 2, 8, 

3> and <0, 3, 6, 4> are also common in MGs. <0, 2, 8, 2>, <0, 1, 10, 2> and <0, 2, 8, 

3> can be regarded as distorted icosahedra [163], whereas  <0, 3, 6, 3> and <0, 3, 6, 

4> are distorted bcc polyhedral [164]. The polyhedral type <0, 3, 6, 4> increases 

gradually in amount from about 6% at 2000 K to about 11% at 300 K, a little larger 

than the fractions of the other polyhedra except <0, 2, 8, 2> at 300 K, indicating that 

the model prefers to form bcc clusters which are favorable in the crystalline compound 

of Ti50Cu50. By easy summation the total fractions of icosahedron- and bcc-like 

configurations are 33% and 16%, respectively. Hence, the amorphous structure of 

Ti50Cu50 is mainly comprised of icosahedral and bcc clusters. The popularity of 

icosahedral clusters in amorphous Ti50Cu50 is attributed to the accompanying reduced 

potential energy. As temperature drops at a very rapid cooling rate, the nucleation and 

crystallization are both hindered. Structural rearrangement is needed to release the 

excess potential energy. Icosahedron has long been recognized as a stable structure in 

supercooled liquids [165]. Recently, Iwamatsu and Lai [166] employed a minimization 

technique to determine the lower-energy structures of isolated 13-atom binary clusters 

and found that the icosahedral clusters are favored conditionally. It should be 

addressed that the relatively large portion of the other polyhedra other than full 

icosahedra could also be responsible for the poor glass forming ability of the 
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present model because these distorted configurations are considered to facilitate the 

atomic mobility while the full icosahedra slow down the atomic dynamics [48]. 
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Figure 3.11 Configurational evolution with temperature. (a) CN=12 and (b) 

CN=13. 

To understand the structural evolution in depth and also confirm the modelling result, 

the total structure factors are calculated after sine fourier transformation of the total 

RDFs. The transformation equation is given below: 

      r
qr

qr
rgrnqS d

sin
141

0

2  


  (3.15) 

where q is the scattering factor, n is the average number density and g(r) is the RDF at 

the distance r. The pattern of structure factors looks very similar to that of RDFs and is 

not shown here. The structure factor is related to temperature in harmonic 

approximation by the Debye-Waller factor, WT(q), a quantity describing the thermal 

effect on scattering [167, 168]: 

        qWqaqS TT 2exp11   (3.16) 
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where ћ is the reduced Planck constant, m is the atomic weight,  is the Debye 

temperature. For T>>, S(q) varies with temperature in an approximately linear way. 

The above equation can be used to estimate the Debye temperature in amorphous solid. 

In doing so, the WT(q) equation is simplified by replacing e
z
 with (1+z) according to 

the Taylor’s expansion. The reduced form of WT(q) is 

  
2

B

22

T
2

3

Θmk

Tq
qW


  (3.18) 

Finally, based on the above equations, the solution to the Debye temperature is given 

from 
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 122

B

22

T

T 3

1

1
ln

1

2 TT
Θmk

q

qS

qS




 
 (3.19) 

The parameters used for calculation of the Debye temperature are provided in Table 

3.3. The choice of temperature is to make sure the ratio of /T small enough (<1). The 

q values are adopted around the first maximum of S(q). The estimated Debye 

temperature is (296±41) K for the glass and (206±14) K for the supercooled liquid. 

The former is very close to the experimental value of (296.6±4.0) K [169]. If more q 

points are examined, it is no doubt that the estimated value deviates but not too much 

from the experimental one. Then, choosing =206 K, T1=300 K, the S(q) at T2=900 K 

is calculated. The patterns are plotted in Fig. 3.12. The good matching between the 

calculated and Fourier transformed S(q) increases the confidence in the simulation results. 
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Table 3.3 Parameters for determination of the Debye temperature 

m 

(kg/mol) 

Tepermature (K) 300 500 700 900 1200 

Scattering vector q (nm
-1

) Structure factor S (nm
-1

) 

55.707 
28 34.5274 33.8203 32.8265 31.0579 28.4676 

29 35.4551 33.9093 32.2406 29.7796 26.5171 
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Figure 3.12 Comparison between structure factors Fourier transformed (line) and 

calculated from Debye equation (circle). 

The changing behavior of S(q) with temperature is also similar to that of G(r). Shown 

in Fig. 3.13 is the temperature dependence of scattering vector and structure factor at 

the first maximum peak. The scattering factor decreases linearly from room 

temperature up to the melting temperature, which is attributed to the thermal expansion 

without structural change [45]. The height of the first maximum is sensitive to the state 

transition. The glass transition and melting temperature can be easily recognized from 

the pattern in Fig. 3.13b. What causes the change of the height is the structural disorder 

in the quenching process. The embedded picture in Fig. 3.13b clarifies the change of 

the first peak intensity with temperature. 
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Figure 3.13 Temperature dependence of (a) scattering vector at the first maximum 

peak and (b) height of the first maximum of structure factor. Inset in (b) are the 

first maximum peak patterns of S(q) in an order from 300 K at the top to 2000 K at 

the bottom. 

3.4.2.3 Atomic structure 

The efficient cluster packing (ECP) model developed by Miracle [26] has been 

employed to describe the short-to-medium range order of bulk MGs. The concept of 

cluster is helpful to understand the atomic structure of amorphous Ti50Cu50. It should 

be noted that the amorphous cell for structural analysis is obtained from the previous 

work [170] and consists of 576 atoms. Nevertheless, RDF analysis confirms the 

structural similarity of both models. Given in Fig. 3.14a-c are a few typical polyhedral 

units present in the amorphous model with corresponding Voronoi cell inside. 

Connection of atoms is defined by a cutoff distance corresponding to the first 

minimum in the total RDF. It is evident that, unlike the crystalline unit, there exist a 

variety of polyhedral configurations. Such abundance is not unique and has been found 

in many other MGs [9, 28, 171, 172]. The irregular geometrical characteristics indicate 

the non-efficient atomic packing in the amorphous model. 
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Figure 3.14 Representative polyhedral configurations extracted from the 

amorphous model of Ti50Cu50 in this study. From (a) to (c), the coordination 

numbers are respectively 11, 12, and 13. The connection of atoms by solid lines 

indicates close contact of atoms. 

The distribution patterns of atomic configurations in Fig. 3.15 are obtained manually 

by sampling 80 Cu and 80 Ti atoms, respectively. It is manifest that they prefer CNs of 

12 and 13. The polyhedral configurations around Cu atoms tend to have a smaller CN 

than those around Ti atoms, which is due to its atomic size. The smaller the atomic size, 

the less space for acceptance of atoms and thus lower the CN. The cluster packing is 

shown in Fig. 3.16. These clusters connect by vertex-, edge- and face-sharing and form 

a five-fold symmetry [28]. The symmetry can be regarded as medium range order. The 

average distance between clusters is 0.45 nm about two times as much as the periodic 

length in the total RDF, confirming the applicability of cluster packing to the present 

amorphous model. 
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Figure 3.15 Distribution of polyhedral configurations around Ti and Cu atoms in 

amorphous Ti50Cu50. 

 

Figure 3.16 Packing of polyhedral clusters shows an approximate five-fold 

symmetry. The central cluster is circled in light blue and the neighbors are circled 

in yellow. The blue and grey balls stand for Cu and Ti atoms, respectively. The 

clusters and the distance from neighoring clusters to central one are also given. 
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3.5 Thermal properties by non-isothermal DSC 

Fig. 3.17 gives the representative non-isothermal DSC curves at various heating rates 

for six compositions. It is known that amorphous alloys are thermodynamically 

metastable phases and would transform to a more thermally stable phase under 

external conditions such as heat. As illustrated in the inset of Fig. 3.17a, amorphous 

alloys generally undergo three transition regions before crystallization: structural 

relaxation, glass transition and supercooled liquid. Structural relaxation (SR) emits 

heat, which is attributed to an elementary relaxation process termed β-relaxation [41]. 

This process corresponds to configurational hopping between neighboring basins [41]. 

Glass transition, which is characterized by the rapid but continuous change in heat 

capacity, starts at the temperature Tgs and ends at the temperature Tge. The supercooled 

liquid region (SLR, ΔTx=Tx-Tgs), retains liquid features below the freezing point and 

compared to SR, involves additional relaxation process termed α-relaxation occurring 

between contiguous metabasins [41]. The SLR is interrupted at the point Tx where 

crystallization starts off and the transformation rate reaches the maximum at the peak 

point Tp. All the data are tabulated in Table 3.4. 
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Figure 3.17 Continuous DSC profiles at various heating rates for (a) 

Zr44Ti11Cu10Ni10Be25 (Inset: three regions are typically identified when MGs are 

being heated), (b) Al86.5Ni4.5Y9, (c) Mg67Zn28Ca5, (d) La65Al14(Cu5/6Ag1/6)11Ni5Co5, 

(e) Cu46.6Zr53.4, and (f) Cu49.3Zr50.7. (g) CuxZr100-x thin films at 40 K/min (Inset: 

transformation temperatures as a function of Cu content at heating rates of 20 and 

40 K/min. They increase with an increase in Cu content.) 
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The glass transition temperature (i.e., Tgs if without specifying because Tge cannot be 

usually identified) and the width of the SLR are two useful quantities for 

characterizing the thermal stability of MGs, i.e., the larger the quantities and the more 

stable the glasses. Fig. 3.18 shows their correlation and dependence on heating rates. 

Clearly, increase in one quantity generally implies increase in another quantity, and the 

extent of increase varies across glass compositions. Both Tgs and ΔTx increase as the 

heating rate increases, which can be described by a logarithmic equation. Based on 

Table 3.4, Tgs within the range of heating rate investigated here changes by 9–30°C 

(sequentially in Al86.5Ni4.5Y9 and Cu59.7Zr40.3), showing that glass transition is 

somewhat sensitive to heating rate. It has been reported that, however, Tg is weakly 

dependent upon cooling rate [41, 173]. This discrepancy might suggest that heating 

and cooling processes are not exactly equivalent. Notwithstanding, the primary 

mechanism for heating/cooling rate dependence of Tg should be the same: the faster the 

rate, the shorter the time available for atomic diffusion and configurational sampling. 
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Figure 3.18 (a) The relationship between the width of SLR ΔTx and glass transition 

temperature Tgs. (b) Glass transition temperature Tgs as a function of heating rate. 

 

Fig. 3.19a illustrates the heat enthalpy ΔHx at first crystallization as a function of 

heating rate. ΔHx is defined herein as the amount of heat released or absorbed by the 

material per unit mass during crystallization. For most compositions, ΔHx exhibits no 

strong dependence on heating rate, while for Zr44Ti11Cu10Ni10Be25 (LM1b), ΔHx 

increases with an increase in the heating rate.
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Table 3.4 Summary of thermal properties for nine amorphous compositions surveyed. Tgs, Tge, Tx and Tp respectively stand for glass 

transition temperatures at the onset and end, first crystallization temperatures at the onset and peak. ΔTg, ΔTx, and ΔHx are temperature 

intervals for glass transition, supercooled liquid region, and heat of first crystallization, respectively. mcs and mce are the fragility 

indices at the onset and end of glass transition, respectively. 

Composition 
Heating rate 

(K/min) 
Tgs (K) Tge (K) Tx (K) Tp (K) ΔTg (K) ΔTx (K) 

mcs 

(Eq. 3.24) 

mce 

(Eq. 3.24) 

mcs* 

(Eq. 3.23) 

mce* 

(Eq. 3.23) 
ΔHx (J/g) 

Al86.5Ni4.5Y9 5 511.01  528.48 536.87  17.47 49.27    52.45 

 10 516.03  533.45 540.83  17.42 48.79    51.35 

 20 517.4  538.36 546.02  20.96 48.66    49.2 

 40 520.4  543.31 550.98  22.91 48.38    47.75 

             

Mg67Zn28Ca5 5 352.54  372.08   19.54 17.01    28.65 

 10 359.99  377.15   17.16 16.66    27.96 

 20 365.71  382.4   16.69 16.4    28.14 

 40 371.29  388.66   17.37 16.15    28.48 

             

La65Al14(Cu5/6Ag1/6)11Ni5Co5 5 403.61 418.5 442.67 451.06 14.89 39.06 26.15 39.32 

31.3 60.3 

10.42 

 10 408.63 420.79 450.31 459.29 12.16 41.68 25.83 39.1 9.957 

 20 413.23 424.52 458.62 468.16 11.29 45.39 25.54 38.76 9.63 

 40 417.55 427.85 468.25 479.64 10.3 50.7 25.27 38.46 9.968 

             

Zr44Ti11Cu10Ni10Be25 (LM1b) 5 611.23 638.08 717.31 727.89 26.85 106.1 45.77 41.31 

39.2 42.1 

66.16 

 10 617 642.66 738.26 745.01 25.66 121.53 45.36 41.02 63.43 

 20 619.2 646.91 764.25 773.59 27.71 144.57 45.14 40.75 71.34 

 40 624.28 652.15 781.21 792.18 27.87 157.82 44.87 40.42 85.44 
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Cu46.6Zr53.4 10 702.67  736.03 744.59  33.36 29.14    40.57 

 20 711.85  746.4 755.58  34.55 28.77    40.6 

 40 720.22  753.98 763.74  33.76 28.43    36.26 

 80 722.87  762.77 773.19  39.9 28.33    40.94 

             

Cu49.3Zr50.7 10 713.59  748.68 757.41  35.09 31.61    30.22 

 20 725.65  755.67 765.49  30.02 31.08    40.04 

 40 727.77  762.93 774.02  35.16 30.99    33.39 

 80 733.32  768.46 781.06  35.14 30.76    35.47 

             

Cu53.8 Zr46.2 20 741.7  770.04 779.64  28.34 26.25    37.23 

 40 750.96  777.38 789.16  26.42 25.92    41.61 

 80 758.46 766.44 784.48 797.41 7.98 26.02 25.67    31.76 

             

Cu59.7Zr40.3 20 748.48 765.7 797.25 801.04 17.22 48.77     32.97 

 40 776.1 786.22 801.86 805.19 10.12 25.76     33.68 

 80 777.62 794.4 808.96 813.13 16.78 31.34     34.26 

Cu62.6Zr37.4 40 769.19  798.76 803.62  34.43      
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Shown in the inset of Fig. 3.19a are the first crystallization peaks for four compositions. 

Zr-based sample has a scanning peak with a steeper rising edge on the low-temperature 

side than on the high-temperature side, while the other compositions are the other way 

around. In addition, compared to the other compositions, Zr-based sample has a 

relatively smaller peak width. This unique shape may be related to its unique 

crystallization process [174], which accounts for the unique behavior of ΔHx in 

Zr-based sample. Interestingly, referring to Fig. 3.18b, it is found that Zr-based sample 

has a noticeable increase in the width of SLR with an increase in heating rate, in 

coincidence with the increase of ΔHx. Fig. 3.19b shows that ΔHx increases with an 

increasing Tgs, implying that it can also be used to characterize the thermal stability of 

MGs. 

A number of models have been well established to understand the crystallization 

kinetics during non-isothermal DSC, among which the Kissinger equation is most 

popular. The applicability of the Kissinger analysis has been justified theoretically for 

nucleation-and-growth and grain growth [174, 175]. This equation is formulated as: 

 constantln
2










RT

E

T

R ah  (3.20) 

where Rh is the heating rate, T is the characteristic temperature, Ea is the apparent 

activation energy for phase transformations, R is the gas constant. It is unambiguous 

that the logarithmic term ln(Rh/T
2
) is proportional to the inverse of temperature 1/T 

(see Fig. 3.20, where Eg, Ex and Ep respectively stand for activation energies for glass 

transition, crystallization at the onset and peak). As Rh and T are both measured by 
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performing continuous DSC tests at various heating rates, Ea is thus estimated directly 

as the gradient of the fitting straight-lines. 
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Figure 3.19 (a) Heat enthalpy of the first crystallization ΔHx as a function of 

heating rate. Inset: peak shapes at the first crystallization. (b) The relationship 

between heat enthalpy ΔHx and glass transition temperature Tgs. 

It is worth noting that, although the Kissinger equation is derived for the peak 

temperature Tp, it is also applicable to the analysis of the shift of the onset points for 

glass transition (Tg) and crystallization (Tx). By comparing the activation energies 

among the compositions investigated, it can be seen that, for the Zr-based sample, the 

activation energies at the onset and peak crystallization are far lower than at the onset 
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of glass transition. This large departure, again, appears to correspond to the marked 

increase of ΔHx in Fig. 3.19a. 

A quantity termed fragility index, m, is an important material constant which has been 

revealed to connect with other glass properties, such as glass-forming ability [176, 

177], bulk modulus/the ratio of bulk modulus to shear modulus [178], and Poisson’s 

ratio/plasticity [177]. It was initially introduced to quantify the fragility behavior of 

supercooled liquids which experience a rapid increase in kinetic properties (i.e., 

viscosity/relaxation time) as temperature drops from the melting point, Tm, to the glass 

transition point, Tg. The variation of kinetic properties with temperature generally 

follows the description of the Vogel–Fulcher–Tamman (VFT) equation [179]: 

 















 

og TT

A
exp  (3.21) 

where τ represents the relaxation time at a temperature in the supercooled liquid 

regime. τ∞, A and To are fitting parameters. Within a narrow temperature region, 

especially near Tg, Eq. 3.21 can be simplified into the Arrhenius form by giving To=0: 
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Based on Eq. 3.21, the fragility index m is obtained as the steepness of the curve of 

log(τ) vs Tg/T at Tg: 
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Figure 3.20 Kissinger plots for (a) Al86.5Ni4.5Y9, (b) Mg67Zn28Ca5, (c) 

La65Al14(Cu5/6Ag1/6)11Ni5Co5, (d) Zr44Ti11Cu10Ni10Be25, (e) Cu46.6Zr53.4, and (f) 

Cu49.3Zr50.7. The unit for activation energy is J/mol. 

and based on Eq. 3.22, the fragility index m is written as: 
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E
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Obviously, larger index means higher fragility, i.e., the supercooled liquids 
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deviate to a greater extent from the Arrhenius-type behavior. By this index, 

glass-forming liquids are classified into three types: strong (16≤m<30), intermediate 

and fragile (m≥100) [180]. It should be noted that Eq. 3.24 is equivalent to Eq. 3.23 

only if the supercooled liquids exhibit temperature dependence in a Arrhenius-type 

fashion, where Ea will hold constant over the whole temperature range. As m is related 

to Tg, which depends on heating rate, Tg should not be arbitrarily chosen. Generally, Tg 

is defined as the temperature where the relaxation time τ reaches 100 s [179]. When 

non-isothermal DSC is carried out to derive the fitting parameters in Eqs. 3.23 and 

3.24, there exist two glass transition temperatures, Tgs and Tge. Senkov and Miracle 

[181] have suggested that Tge should be used because it corresponds to a supercooled 

liquid state. Taking into account the various definitions of Tg, the values for m are 

estimated and tabulated in Table 3.4. 

Fig. 3.21 illustrates the temperature dependence of relaxation time at the onset and end 

temperatures of glass transition, which can be well fitted with the VFT equation (the 

fitting parameters are included in the figures). The relaxation time for glass transition 

is defined as τ=(Tge-Tgs)/Rh=ΔTg/Rh. For compositions which do not have an observable 

SLR, Tge is not identifiable and thus the temperature-dependent relaxation behavior is 

not plotted. Looking at Table 3.4, ΔTg for the La- and Zr-based alloys is in fact not 

always constant but has a small change with an increase in heating rate, i.e., for the 

La-based, it decreases, while for the Zr-based, it increases. As pointed out by Senkov 

and Miracle [181], Eq. 3.24 is not applicable when ΔTg depends on heating rate. 

Nevertheless, Eq. 3.23 is still valid. Using the fitting parameters, the glass transition 

temperature at τ=100 s is determined: 
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  10ln16ATT og   (3.25) 

Tgs=406.8 K and Tge=420.1 K for La-based; Tgs=619.1 K and Tge=645.6 K for Zr-based. 

Taking these temperatures into Eq. 3.23, the m values for the onset and end of glass 

transition are evaluated to be 31.3 and 60.3 for La-based alloy, and 39.2 and 42.1 for 

Zr-based alloy. 
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Figure 3.21 Temperature dependence of relaxation time at glass transition point for 

(a) La65Al14(Cu5/6Ag1/6)11Ni5Co5, and (b) Zr44Ti11Cu10Ni10Be25. 
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3.6 Summary 

The amorphous structure of MGs was investigated by experimental and computational 

methods. TEM imaging shows that atoms are randomly packed, while XRD and 

electron diffraction both indicate that there indeed exist short-to-medium-range orders. 

Molecular dynamics simulation confirms the existence of such order structures, and at 

the same time suggests that the amorphous structure consists of diverse polyhedral 

types, among which some types are dominant (e.g., icosahedral and bcc clusters in 

Ti50Cu50). These clusters form a five-fold symmetry in the medium range distance. 

During liquid-to-glass transition, the population of icosahedral configurations is more 

sensitive to temperature than that of the others, i.e., it increases as temperature 

decreases, which is attributed to the low-energy structure. 

The thermal properties of MGs are studied by continuous DSC. For each composition, 

the glass transition temperature, crystallization temperature, and the width of the glass 

transition region unambiguously exhibit dependence on heating rate, i.e., they increase 

with an increase in heating rate; in contrast, the heat enthalpy at crystallization appears 

to be independent of heating rate except for the Zr-based sample. This exception is 

attributed to the unique crystallization process, which can be identified from the unique 

crystallization peak. Nevertheless, the larger glass transition temperatures generally 

correspond to the larger heat enthalpy and the wider glass transition region. Moreover, 

the relaxation time for glass transition of La- and Zr-based specimens is temperature 

dependent, which can be well fitted by the Arrhenius-type equation 

(Vogel–Fulcher–Tamman equation). As these thermal properties are correlated, they 

can be used to characterize the thermal stability and glass-forming ability of MGs. 
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Chapter 4 Mechanical Properties of Metallic 

Glasses by Nanoindentation 

4.1 Introduction 

In review of the literature work on MGs, the unique mechanical properties are the most 

topical issue. Instrumented nanoindentation is a relatively new and convenient 

technique with high spatiotemporal and load resolution, allowing for the fast and 

accurate measurement of mechanical properties of materials. This technique has been 

broadly used to explore the mechanical response of MGs and the pertinent structural 

origin. Ye et al [182] conducted the high frequency dynamic nanoindentation with a 

flat-end diamond punch and revealed the inelastic deformation of the free volume zone 

in the apparent elastic regime. Packard et al [183] discovered the cyclic hardening by 

applying cyclic indentation loads on MGs, which is attributed to the microplastic 

structural rearrangement via STZ activation. Pan et al [67] characterized the STZ 

volume and successfully associated it with ductility by performing rate-jump 

nanoindentation. In contrast to the work at room temperature, high-temperature 

nanoindentation has not yet been studied adequately [95, 96, 184, 185]. For example, 

Schuh et al [96] constructed a new deformation map according to the elevated 

temperature nanoindentation experiments. Li et al [185] investigated the 

nanoindentation behavior of a Au-based MG near glass transition temperature and 

found a transition from homogeneous flow at low loading rates to inhomogeneous flow 

at high loading rates in the supercooled liquid region. 
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This chapter starts with a viscoelastic model which addresses the existence of 

viscoelasticity in MGs. Subsequently, nanoindentation experiments at room and 

elevated temperatures are carried out to investigate the effects of loading rate, 

indentation size and temperature on the mechanical behaviors of MGs. 

4.2 Experimental methods 

Among nine amorphous compositions tested in Chapter 3, three are selected so as to 

study the mechanical properties of MGs. These compositions are respectively 

La65Al14(Cu5/6Ag1/6)11Ni5Co5, Zr44Ti11Cu10Ni10Be25, and Cu49.3Zr50.7 (Table 3.1), 

covering a large range of glass transition temperatures. The mechanical properties are 

characterized by two instrumented nanoindentation systems, one for the 

room-temperature use and the other for the elevated-temperature use. As the 

elevated-temperature tests were carried out at an outside lab and the process was 

time-consuming, only a thin film composition was measured (i.e., Cu50Zr50 slightly 

different in composition from Cu49.3Zr50.7 for the room-temperature use but within the 

experimental error of EDX). 

4.2.1 Instrumented nanoindentation 

4.2.1.1 Room-temperature nanoindentation 

Room-temperature nanoindentation was performed with a diamond Berkovich indenter 

on an MTS Nanoindenter


 XP system. The force resolution and vertical displacement 

resolution are estimated to be less than 0.1 N and 1 nm, respectively. Prior to the start 

of testing, the contact area function was calibrated using a standard fused silica 

material. The nanoindentation measurements were performed under a load-control 

mode and consisted of 6 sequential segments. 
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(1) The indenter drift rate control segment is to reach the allowable drift rate limit 0.05 

nm/s. (2) The surface find segment is to identify the surface contact point. These two 

segments are designed to guarantee the stable and reliable measurements. (3) The 

loading segment reaches the preset maximum loads at various loading rates, followed 

by a (4) holding segment where the peak loads are kept for 2-100 s. Loads are removed 

in the (5) unloading segment at an unloading rate of 1 mN/s until the unload limit 

(10% of the peak load) was reached for all the tests. Finally, (6) thermal drift 

correction segment takes place where the absolute values of the thermal drift rates 

were usually well kept below 0.05 nm/s. The thermal drift effect was excluded from 

the resulting displacement data. Five indents were made in each test for statistical 

analysis and consistency inspection. 

The hardness and the reduced elastic modulus were calculated by fitting the 

load-displacement (P-h) curve using the Oliver-Pharr method [186]. Specifically, the 

hardness was determined by the maximum load divided by the projected contact 

indentation area. The elastic modulus is associated with the unloading stiffness and the 

projected contact area. The unloading stiffness reflects the ability of surface to resist 

bending and equivalent to the initial gradient of the unloading curve. As the reduced 

elastic modulus is measured, the Young’s modulus of the material investigated can be 

derived as follows: 
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where Er, Ei and E are respectively the reduced elastic modulus, the Young’s modulus 
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for diamond and the Young’s modulus for the test material. vi and v are the Poisson’s 

ratios for diamond and test material, respectively. 

4.2.1.2 Elevated-temperature nanoindentation 

Nanoindentation experiments at the elevated temperatures were carried out using the 

NanoTest
TM

 (from Micro Materials, Wrexham, UK) equipped with a 

temperature-controlling heating stage (see Fig. 4.1). The detailed illustration of this 

high-temperature test configuration is available in [187]. The test temperatures were 

chosen as 298, 333, 363 and 393 K, respectively. To guarantee the correct 

measurement, the calibration procedures were taken on instrumental compliance, load, 

depth and contact area function at room temperature, while only the depth calibration 

performed at the higher temperatures. The maximum indentation depth is 400 nm, less 

than 10% of the film thickness in order to minimize the substrate effect. As the testing 

begins, a diamond Berkovich indenter approaches and penetrates the specimen surface 

at a loading rate of 0.7 mN/s in a depth-control mode, followed by a holding segment 

for 60 s and an unloading segment at a rate of 0.7 mN/s. The thermal drift rate was 

evaluated by holding the indenter at the 90% unloading for 60 s. 
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Figure 4.1 Schematic illustration of high-temperature nanoindentaion (on the left) 

[187] and the experimental set-up (on the right). 

4.2.2 Atomic force microscopy 

Atomic force microscopy (AFM) is somewhat like a mechanical profilometer in terms 

of operational manner, i.e., a probe is scanned across the sample surface. In principle, 

AFM measures the three-dimensional surface topography by detecting the reflection of 

an oscillating cantilever with a sharp tip on one end.  

In this work, a tapping mode AFM (Dimension 3000 SPM, Digital Instruments) was 

operated in the air. The cantilever keeps oscillating at its resonant frequency and the 

amplitude remains constant so that the vertical height of the sample surface is revealed. 

The scan rate is set at 1 Hz. 

4.3 Viscoelastic model 

4.3.1 Purely elastic contact for Berkovich nanoindentation 

The theoretical elastic contact load-displacement (P-h) curve can be formulated as 

below: 
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 pr AE
dh

dP



2
  (4.2) 

where Ap is the projected contact area. For three-sided Berkovich indenter, Ap is given 

by [188]: 

 222 5.243.65tan33 ccp hhA   (4.3) 

where the value of 65.3 indicates the included half-angle of a Berkovich indenter, and 

hc is the contact depth. In practice, the indentation or penetration depth is directly 

measured, which consists of both surface elastic deflection and contact depth. This 

deflection is expected because the surface area at the contact perimeter can sink in as it 

feels the downward penetration force. According to the Sneddon’s analysis and the 

work by Oliver and Pharr [186], the elastic deflection can be excluded and thus the 

contact depth is written as: 

 
S

P
hhhh sc   (4.4) 

where h is the total measurement depth and hs is the displacement of surface deflection. 

P and S are respectively the indentation load and contact stiffness. The dimensionless 

quantity ε is a geometrical correction constant which, for Berkovich tip, is commonly 

taken to be 0.75 [186]. P and S are both quantities depending on the indentation depth, 

and their ratio P/S is commonly proportional to the indentation depth, i.e., P/S=γh. 

Thus, Eq. 4.4 can be rewritten as: 

    1hhhhc  (4.5) 



Chapter 4 Mechanical properties of metallic glasses by nanoindentation 

 

 
82 

By substituting Eqs. 4.3-4.5 into Eq. 4.2, the elastic contact equation is expressed as: 

   hE
dh

dP
r


 1

5.24
2  (4.6) 

   dhhEdP r  


1
5.24

2  (4.7) 

Because of the boundary condition P=0 at h=0, the following closed-form equation for 

the P-h relationship using Berkovich indenter is arrived at: 

   21
5.24

hEP r


  (4.8) 

from which Er can be estimated if the elastic P-h curves and the parameter γ are 

measured. 

4.3.2 Viscoelastic effect on elastic curve 

MGs exhibit viscoelasticity, which implies that their mechanical properties are 

time-dependent. The viscoelastic response of MGs starts becoming prominent near 

glass transition temperature and is usually characterized by dynamic mechanical 

spectroscopy (DMS), where the Young’s modulus can be separated into two 

components: storage modulus representing the solid-like behavior and loss modulus 

representing the liquid-like behavior. This separation is considered to be closely 

associated with the structural characteristics of MGs. As is widely known, MGs are 

frozen liquids, i.e., their amorphous structure is composed of both solid-like and 

liquid-like clusters; the former corresponds to the closely packed atomic configurations 

(e.g., full icosahedra or clusters with fewest disclinations [189]), while the 
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latter corresponds to the loosely packed regions (i.e., distorted atomic configurations 

with extrinsic disclinations [189]). This nano-scale structural heterogeneity leads to the 

viscoelastic properties of MGs even at low homologous temperatures (i.e., T/Tg<0.5, T 

for test temperature and Tg for glass transition temperature). For example, Ye et al [182] 

conducted the high-frequency dynamic compression test on a Zr-based MG at room 

temperature (far below the glass transition temperature of 685 K) and found a 

mechanical hysteresis loop (anelasticity or viscoelasticity) in the apparent elastic 

regime as the stress rate increases. The loop has its structural origin, i.e., the liquid-like 

free volume zones should be confined within elastic atomic clusters. 

According to the above discussion, viscoelasticity can be anticipated in amorphous 

alloys during nanoindentaion. A linear viscoelastic solution has been suggested by 

Feng and Ngan [190], who employed the correspondence principle in the solution 

derivation. For fully elastic contact, the relationship between load and the depth of 

indentation is given by Eq. 4.8. Shifting the parameter Er to the left, the equation is 

rewritten as: 

   21
5.241

hP
Er




  (4.9) 

Following Feng and Ngan’s work and replacing Er with its viscoelastic version in Eq. 9 

of the Ref. [190], 
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where s is a complex variable, 0  and σ0 are normalizing materials constants, E and B 

are the Young’s and bulk moduli respectively, and * refers to the quantity in 
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the Laplace transform. Inverse transform of Eq. 4.10 gives the following expression: 
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Assuming u=  '00 ttE   , the above equation is simplified: 
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Usually the third term in the left-hand side is negligible because E/B
2
 is too small. 

Thus, the reduced form of Eq. 4.15 is given as: 

   22
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5.24

8
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hP
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r
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
 (4.16) 

Although this simple model disregards the structural origin, it has some implications: 

1. The elastic portion of the load-displacement relationship is dependent on loading 

rates, which is more significant at lower loading rates. 

2. The mechanical properties can be affected by loading rates due to the 

viscoelasticity. For example, when an equal indentation force is applied, the materials 

at lower loading rates should have a larger contact depth and thus a lower hardness. 
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The above analysis indicates that loading conditions are important for nanoindentation 

measurement especially on MGs. In the following sections, the major effects such as 

loading rate, indentation size and temperature will be systematically investigated. 

4.4 Effects on load-displacement behaviors 

4.4.1 Loading rate dependence 

Load-displacement (P-h) curves for three MGs are respectively given in Fig. 4.2, 

which have been separated from each other for easy viewing. The loading-rate range 

for each MG is presented on the top of each figure and for consistency is specified here: 

1 up to 50 mN/s for La-based, 0.05 up to 50 mN/s for Zr-based, and 0.01 up to 1 mN/s 

for Cu49.3Zr50.7. It can be observed that, for each alloy, the curves become increasingly 

serrated as the loading rate decreases. The similar behavior has been found in 

compression tests of MGs [191], where each load serration is thought to arise from the 

movement of an individual SB. By analogy, each serration during nanoindentaion on 

MGs is initiated by the operation of a single SB [52, 192]. This rate dependence of 

serrated flow can also be manifested by the indentation strain rate which is expressed 

as: 

 
dt

dh

h


1
  (4.17) 

where t denotes time. Presented in Fig. 4.3 is the equivalent strain rate versus 

indentation depth. The strain rate decreases as the depth increases and becomes almost 

constant at deep indents. The strain rate peaks definitely correspond to the load 

serrations and become less prominent as loading rate increases. The physical origin for 

the rate-dependent serrated flow still remains under discussion and so far two 
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viewpoints have been proposed. Schuh et al [192] believed that this behavior is linked 

to the change of the deformation mechanisms, i.e., plasticity at low rates can be 

accommodated by single SBs, while at higher rates by multiple SBs. However, other 

researchers attributed the apparent inhomogeneous-to-homogeneous transition to the 

limited instrumental resolution. For example, Jang et al [193] found that the serrated 

flow strongly depends on the tip geometry during nanoindentation, i.e., the serration 

disappears at high rates for Berkovich indenter while still exists at the same high rates 

for cube-corner indenter, and thus concluded that the instrumental blurring largely 

contributes to the absence of serrated flow at high rates. 
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Figure 4.2 Load-displacement curves for three MGs of this study. The composition 

and loading rate are described in each figure. Curves are separated for clarity. 



Chapter 4 Mechanical properties of metallic glasses by nanoindentation 

 

 
87 

0 200 400 600 800 1000 1200 1400 1600 1800 2000

10
-2

10
-1

10
0

10
1 La65Al14(Cu5/6Ag1/6)11Ni5Co5

20 mN/s
5 mN/s

 

 

S
tr

a
in

 r
a

te
 (

s
-1
)

Indentation depth (nm)

1 mN/s

(a)

 

0 200 400 600 800 1000 1200
10

-3

10
-2

10
-1

10
0

10
1(b)

Zr44Ti11Cu10Ni10Be25 (LM1b)

20 mN/s

2 mN/s  

 

S
tr

a
in

 r
a
te

 (
s

-1
)

Indentation depth (nm)

0.05 mN/s

 

Figure 4.3 The dependence of strain rate on the indentation depth for (a) La- and (b) 

Zr-based MGs. The curves become increasingly serrated as the loading rate 

decreases. 

Shown in Fig. 4.4 are the so-called consolidated elastic curves for both La- and 

Zr-based alloys, where the unloading elastic curve for La-based is given for 

comparison. The consolidated elastic curves are constructed by using the method of 

Gouldstone et al [194]. For La-based, the consolidated curve resembles the unloading 

curve, which suggests that the discrete displacement bursts mainly account for the 

plastic deformation. Since the serrated flow corresponds to the SB activity, AFM 

experiments were performed to scan the residual indents made at various loading rates. 

In Fig. 4.5, it can be seen that there exist a number of SBs around the indents even at 
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high rates although no serration appears on the corresponding P-h curves. The intensity 

of SBs does not exhibit clear dependence on the loading rates. The indentation profiles 

at maximum loads for both La- and Zr-based alloys are presented in Figs. 4.6a and b, 

where the insets show the scanning direction. The black arrows in Figs. 4.6a and b 

point the slight increase in indentation depth which is due to the slight increase of 

maximum indentation load with increasing loading rate (about 1 mN difference 

between the slowest and fastest rates for both La- and Zr-based alloys). Pile-ups do 

occur during nanoindentation and affect the correct measurement of hardness and 

modulus. Demonstrated in Figs. 4.6c and d are the pile-up heights and height ratios 

(defined as the ratio of pile-up height to indentation depth) as a function of loading rate. 

They are both independent of loading rate. Therefore, pile-ups at various loading rates 

should contribute equally to hardness and modulus. Following the way of Ramamurty 

et al [195], the shear band zone size δ is measured (here defined as the radius from the 

center of the indentation to the edge of the visible outmost SB) and plotted as a 

function of loading rate in Fig. 4.6e. Clearly, when the peak load is fixed, δ holds 

approximately invariable within the range of loading rate. The physical implication of 

this length scale will be discussed in Section 4.5.1.  
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Figure 4.4 Consolidated elastic curves for (a) La65Al14(Cu5/6Ag1/6)11Ni5Co5 and (b) 

Zr44Ti11Cu10Ni10Be25 (LM1b) alloys, which are constructed by substracting the 

displacement bursts from the P-h curves. The unloading elastic curve only for 

La-based alloy is presented in Fig. 4.4a for comparison because for Zr-based alloy, 

at small indentation load (i.e., below the unload limit which is 10% of the 

maximum load), the unloading curve is not given by the test instrument. 

Nevertheless, the consolidated curves for La-based alloy resemble the unloading 

curve, indicating that the displacement bursts mostly contribute to the plastic 

deformation. 
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(a) La65Al14(Cu5/6Ag1/6)11Ni5Co5 
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(b) Zr44Ti11Cu10Ni10Be25 (LM1b) 

 

 
 

Figure 4.5 AFM images of residual indents made at various loading rates for both 

(a) La- and (b) Zr-based MGs. The white scale bars in the insets of the figures 

indicate 5 µm. Unlike the P-h curves where serrations disappear at high rates, SBs 

do occur around the edges of the indents even at the largest rates. There is not a 

clear relationship between SB density and loading rate. 
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Figure 4.6 Indentation profiles for (a) La65Al14(Cu5/6Ag1/6)11Ni5Co5 and (b) 

Zr44Ti11Cu10Ni10Be25 (LM1b) alloys with scanning direction indicated in the insets.  

The loading rate dependence of (c)-(d) pile-up height, height ratio and (e) shear 

band zone size are plotted. The black arrow in the inset of Fig. 4.6e shows the 

definition of shear band zone size.  

From the P-h curves in Fig. 4.2, it can also be seen that the displacement burst length 

is dependent on the indentation depth, i.e., larger indentation depths make larger burst 

events, which is described for both La- and Zr-based MGs in Figs. 4.7a and b. This 

phenomenon is interpreted by Schuh et al [192] as a natural result of the growing 
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length scale of the indentation geometry. Structurally, it could be related to the STZs. It 

is commonly known that SBs are produced by collection of these plastic deformation 

units. As the indentation depth increases, the plastic deformation zone beneath the tip 

expands and thus more STZs are involved, which promotes larger shear displacement 

of SBs [81]. It should be noted that, even at large indentation depth, there still exist 

small displacement bursts, which has been observed as well in other MGs [196]. 

Interestingly, the total displacement burst length (hbt) is proportional to the 

corresponding indentation depth (see Figs. 4.7c and d), no matter what the loading rate 

is. In the insets of Figs. 4.7c and d, the ratio hbt/hp increases initially and holds constant 

finally, which might indicate that the plastic length is independent of loading rate 

because the total indentation depth does not change across the whole range of loading 

rates. 

4.4.2 Elevated temperature 

The representative P-h curves at elevated temperatures for Cu50Zr50 are presented 

in Fig. 4.8a, where the unloading curves are hidden for clarity. The DBs can be 

observed at each of the test temperatures, which is the result of shear banding 

movement. The shearing displacement becomes larger as the indentation depth 

increases, which is attributed to the increasing free volume concentration. Explicitly, 

the deformation behavior is certainly dependent on the temperatures. On the one hand, 

the occurring frequency of the DBs increases as the temperature rises, i.e., the higher 

the temperature, the larger number of SBs will be generated. On the other hand, the 

DBs appear to get slightly wider at higher temperatures. Shown in Figs. 4.8b and c are 

the P-h curves respectively at 298 and 393 K, each measured 5 times to confirm the 
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repeatability of the serrated flow behavior. 
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Figure 4.7 (a)-(b) An individual displacement burst length (hbi) and (c)-(d) total 

displacement burst length (hbt) plotted as a function of indentation depth. The insets 

in Figs. 4.6c and d show the relationship between the ratio hbt/hp and indentation 

depth. 

 



Chapter 4 Mechanical properties of metallic glasses by nanoindentation 

 

 
95 

0 100 200 300 400 500 600
0

5

10

15

20

25

393 K

298 K

L
o

a
d

 (
m

N
)

Indentation depth (nm)

Loading rate: 0.7 mN/s(a)

Temperature from left to right:

298, 333, 363, 393 K

 

0 100 200 300 400 500 600
0

5

10

15

20

25

Loading rate: 0.7 mN/s

L
o

a
d

 (
m

N
)

 

 

Indentation depth (nm)

298 K

(b)

 

0 100 200 300 400 500 600
0

5

10

15

20

25

Loading rate: 0.7 mN/s

 

Indentation depth (nm)

 

L
o

a
d

 (
m

N
)

393 K

(c)

 

Figure 4.8 (a) Typical load-displacement curves at elevated temperatures for 

Cu50Zr50. Loading/unloading behaviors at (b) 298 K and (c) 393 K are shown to 

examine the reproducibility of the discrete flows. 

4.5 Effects on mechanical properties 

4.5.1 Loading rate dependence 

The loading rate effects on mechanical properties such as hardness and modulus are 

illustrated in Fig. 4.9 for La65Al14(Cu5/6Ag1/6)11Ni5Co5, Zr44Ti11Cu10Ni10Be25 (LM1b) 

and Cu49.3Zr50.7 MGs. In comparison with the nanoindentation experiment, hardness is 

also calculated directly upon measurement of the area of the residual indents by AFM 

imaging (see Fig. 4.5). Before discussing this effect, it is helpful to introduce an 

equation as given in [197]: 
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222 4

1

rE

H

S

P 


  (4.18) 

where β is a parameter depending on the geometry of the indentation tip. For 

elastically homogeneous materials, P/S
2
 or H/Er

2
 reflects the true change in hardness 

because it does not contain the projected area. For La-based alloy, hardness remains 

almost constant while modulus has a small but visible increase with an increase in 

loading rate. Thus, H/E
2
 in Fig. 4.9c appears to decrease. The reason for increasing 

modulus lies in the slight increase in the contact stiffness as shown in Fig. 4.9b. For 

Zr-based alloy, hardness and modulus at the lowest rate are comparatively large and 

approach constant values at higher rates. AFM measurements definitely indicate that 

hardness is not dependent on loading rate. Moreover, H/E
2
 stays almost invariable 

across the loading rate range, agreeing well with the AFM results. 

It is worth mentioning that, for both La- and Zr-based alloys, hardness by AFM is 

usually smaller than that by nanoindentation, which is attributed to the pile-up effects. 

The pile-up volume expands as the indentation depth is increased, which produces a 

pile-up height and sustains an extra indentation load. However, the indentation depth 

used in the Oliver-Pharr method does not take this height into consideration, in other 

words, the contact area is underestimated. By AFM imaging, the pile-up area is 

included in the total area measurement and thus the hardness can be expected to come 

down. 
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Figure 4.9 Loading rate dependence of mechanical properties for three MGs: (a)-(c) 

La65Al14(Cu5/6Ag1/6)11Ni5Co5, (d)-(f) Zr44Ti11Cu10Ni10Be25 and (g) Cu49.3Zr50.7. 

AFM hardness is measured for comparison with the nanoindentaion results. The 

composition, holding time and peak load are indicated on each figure. 
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Fig. 4.9g displays the loading rate effects on the mechanical properties of the 

amorphous thin films Cu49.3Zr50.7 under the peak load of 9 mN with a holding time of 2 

s. Both the hardness and modulus increase as the loading rate increases up to 0.1 mN/s, 

and as the loading rate continues increasing, they keep relatively stable during the tests. 

The free volume model or STZ model is usually introduced to understand the 

dependence relation. In fact, they are interrelated especially at equilibrium, described 

by the equation C=exp(-1/), where C and  are respectively the concentration for 

STZs and free volume [52, 65]. Free volume is the preferential site to initiate the STZs, 

while STZ operations assist the generation of free volume by the shear-induced 

dilation. As Sort et al [106] discussed, the production rate of defect concentration is 

related to the loading rates. In the tests at the loading rate smaller than 0.1 mN/s, as the 

loading rate increases, the free volume cannot be created fast enough to facilitate the 

plastic deformation and thus the mechanical properties are enhanced. In the tests with a 

loading rate above 0.1 mN/s, however, this interpretation seems not viable for 

understanding the constant hardness. Another interpretation for the loading rate 

dependence of hardness takes into consideration the anelastic/viscoplastic properties of 

MGs [198]. These properties are time-dependent and would become more significant 

at lower loading rates. Therefore, plastic deformation can be fully developed at the 

lowest loading rate and hardness increases with increasing loading rates. At relatively 

large loading rates (0.1 mN/s in this study), these properties would become negligible 

and thus hardness remains constant. The variation in modulus can also be understood 

in terms of these time-dependent characteristics. It is known that the Oliver-Pharr 

method is only applicable to purely elastic materials. When materials exhibit 
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viscoelasticity, correction to this method has to be made to recognize the viscoelastic 

effect on contact stiffness [199]. For this reason, the elastic modulus is found to be 

dependent on the loading rate. It is interesting to see the viscoelastic effect on the ratio 

of H/E
2
. The inset in Figs. 4.9g is the plot of H/E

2
 versus loading rate. It can be 

observed that, contrary to the trend of hardness and modulus, the ratio decreases as the 

loading rate increases. Therefore, in case of viscoelastic materials, H/E
2
 should be 

carefully used when representing the hardness variation. 

As viscoelasticity may exist in MGs, additional tests with a holding time of 100 s were 

performed for Zr44Ti11Cu10Ni10Be25 (LM1b) and Cu49.3Zr50.7 alloys to eliminate the 

creep effect during the loading segment. The loading rate dependence of hardness and 

modulus is presented in Fig. 4.10. For Zr-based alloy, hardness and modulus both 

exhibit no dependence on loading rate, which is also verified by the approximately 

constant H/E
2
 in the inset of Fig. 4.10a. Due to the lacking of viscoelastic effect, the 

extended holding time does not affect the values of hardness and modulus. For 

Cu49.3Zr50.7 alloy, the variation of hardness, modulus and H/E
2
 resembles that shown in 

Fig. 4.9g, but the differences between the lowest and highest indentation rates (0.74 

GPa in hardness and 8.97 GPa in modulus) become smaller than those with a holding 

time of 2 s (0.94 GPa in hardness and 14.83 GPa in modulus). In addition, as the result 

of viscoelasticity, the longer holding time reduces the hardness and modulus. 

It can be concluded that, according to the above data, the mechanical properties of 

MGs investigated do not have loading rate dependence above a critical loading rate. 

Looking back at Section 4.4.1, the shear band zone size δ gives another evidence for 

this conclusion. Following the Johnson’s spherical cavity model [200], this size δ is 
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related to the yield strength σy of materials [195]: 
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As described in Section 4.4.1, δ and P are both constants and thus the yield strength 

should be a constant, too. Since hardness has a linear relationship with yield strength 

[201], it does not change with loading rate. 
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Figure 4.10 Loading rate dependence of mechanical properties for (a) 

Zr44Ti11Cu10Ni10Be25 (LM1b) and (b) Cu49.3Zr50.7 characterized by a 

nanoindentation testing with a holding time of 100 s. 

4.5.2 Indentation size effect 

The indentation size effect (ISE) is a size-dependent behavior of materials subjected to 

the indentation load. For geometrically self-similar indenters such as Berkovich and 

Vickers, the indentation size indicates the indentation depth, and the ISE is known as 

the enhanced hardness at shallow depths. This effect has been widely observed in 

crystalline/amorphous alloys, which is interpreted by either the strain gradient 

plasticity (SGP) model [80, 105] or the proportional specimen resistance (PSR) model 

[81, 202, 203]. The SGP was firstly introduced to understand the ISE in crystalline 
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materials [204]. During indentation, the so-called geometrically necessary dislocations 

are created by a strain gradient to accommodate the surface deformation. This 

structural picture leads to the most respected equation, the Nix-Gao relation [204]: 

 
h

h

H

H *

0

1  (4.20) 

where H0 is the hardness in the absence of strain gradients, h is the indentation depth, 

and h
*
 is a characteristic material length scale. Similarly, in MGs, free volume exists 

instead of dislocations. The strain gradient should increase the free volume 

concentration with further deformation by inducing geometrically necessary excessive 

free volume and thus should reduce the hardness of materials. Accordingly, Yang et al 

[80] proposed an equation analogous to the Nix-Gao relation with a different 

mathematical form for H0. One of problems with free volume theory is that it fails to 

describe the plastic deformation. Furthermore, computational and experimental work 

has suggested that plastic deformation of MGs is associated with the cooperative 

motion of STZs. From this cluster viewpoint, Lam and Chong [205] reformulated the 

relationship: 

 
h

h

H

H *

0

1  (4.21) 

where H0 is the strain-gradient-free hardness, and h
*
 is the characteristic length scale 

depending on material properties and indenter shape. 

The nanoindentation testing has been carried out on four MGs with two methods, 
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named as normal method (NM) and continuous stiffness measurement (CSM) method, 

respectively. The NM has been described in the section of experimental methods 

(Section 4.2.1.1). The CSM is able to characterize the stiffness and thus both contact 

hardness and modulus at each of the penetration depths by applying a small sinusoidal 

vibration (2 nm in amplitude and 45 Hz in frequency) to the indenter column. The 

depth dependence of mechanical properties is presented in Fig. 4.11. For all of the four 

alloys, the Young’s modulus remains constant above 100 nm, which is indicative of the 

reliable measurements because it is an intrinsic property of materials and should not 

change in most cases. By means of NM and CSM, the hardness for both La- and 

Zr-based alloys is found to be depth-dependent; the former shows a significant ISE 

while the latter has a slight ISE. 

The testing on Mg67Zn28Ca5 was performed to see if the tip radius of the indenter could 

contribute to the ISE (Fig. 4.11c). The tip is commonly supposed to have a perfect 

shape and its effect on indentation depth is ignored in the area function. This 

assumption is acceptable when the depth is large enough. However, when the depth is 

comparable to the tip radius, this assumption definitely fails. It can be envisioned that 

at small indents, as the depth declines, the tip rounding effect becomes progressively 

significant and the indentation depth is seriously underestimated. Thus, an artificial 

ISE may occur. In Fig. 4.11c, throughout the depth range above 100 nm, Mg-based 

alloy shows no variation in hardness and modulus, suggesting that the tip radius effect 

is trivial in the current study. 

For La-based alloy, the remnant impressions made under different loads are visualized 
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by AFM and displayed in Fig. 4.12, where the SBs are evident for each load. The AFM 

hardness given in Fig. 4.11a again confirms the existence of the ISE but has a lower 

value. In Fig. 4.13, the pile-up height and shear band zone size are both observed to 

have a positive size effect. Interestingly, the height ratio is independent of the 

indentation depth, and the experimental data for δ deviate slightly from the curve 

fitting with Eq. 4.19, which is thought to result from the ISE. Eqs. 4.20 and 4.21 are 

both applied to fit the ISE and the fitting parameters for CSM are tabulated in Table 

4.1. Although these two equations have a good fit to the experimental results, Eq. 4.21 

based on the cluster model appears more reliable because the strain-gradient-absent 

hardness H0 approaches the measured value. For this reason, only the fitting 

parameters of Eq. 4.21 for NM and AFM are produced in Figs. 4.11a and b. 

 

Table 4.1 Fitting parameters for the indentation size effects by CSM 

Composition 

La65Al14(Cu5/6Ag1/6)11Ni5Co5 Zr44Ti11Cu10Ni10Be25 (LM1b) 

Eq. 4.20 Eq. 4.21 Eq. 4.20 Eq. 4.21 

H0 (GPa) 4.74 2.37 15.09 7.55 

h
*
 (nm) 24.04 48.07 14.15 28.30 
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Figure 4.11 Mechanical properties as a function of indentation depth for four MGs. 

In the insets, the constant modulus indicates the reliable testing. La- and Zr-based 

alloys exhibit an ISE while Cu49.3Zr50.7 does not. The testing on Mg67Zn28Ca5 is 

used to examine the tip radius effect on the ISE. The fitting parameters for NM and 

AFM are given in the figures and those for CSM are listed in Table 4.1. 
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The indentation depth dependence of hardness and modulus of the thin films 

Cu49.3Zr50.7 is given in Fig. 4.11d. It is obvious, at a large range of loading rates (at 

least two orders of magnitude), the hardness and modulus exhibit no size effect, i.e., 

they remain approximately constant throughout the depth range (150~250 nm). To 

confirm these results, an additional test was carried out using the CSM method. 

Similarly, the continuous hardness and modulus, also shown in Fig. 4.11d, hold 

constant over the depth range from 100 nm to 250 nm. Hardness and modulus beyond 

this range are not considered since experimental artifacts become increasingly 

significant. For example, at lower depths, the surface oxidation and tip blunting will 

play a more significant role; while at deeper depths, the substrate effect will come into 

play. 

The continuous modulus fluctuates around 105 GPa, very close to the result (~100 GPa) 

by Chou et al [206] who fabricated ~2 um thick thin films of the similar composition 

on Si substrates. In comparison, Lee et al [207] reported the nanoindentation modulus 

of bulk Cu50Zr50 to be about 70 GPa. Most recently, Guo et al [208] measured a thin 

film (161 nm thick) of similar composition deposited on a free-standing SiN 

cantilevers (228 nm thick) using the force-deflection method and found the modulus to 

be only 50 GPa. 
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Figure 4.12 AFM images of remnant impressions generated by applied indentation 

loads ranging from 10 to 120 mN. Shear bands occur for all the loads. The 

dimension is measured in µm. 
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Figure 4.13 (a) The depth dependence of pile-up height and height ratio for 

La65Al14(Cu5/6Ag1/6)11Ni5Co5. (b) The shear band zone size as a function of 

indentation load. 

To see if the hard substrate contributes to the large modulus, thin films were also 

grown on soft glass and continuous modulus was recorded (the plot is not shown for 

brevity). A plateau is usually observable above the indentation depth of 100 nm where 

the modulus reaches about 100 GPa. In addition, Saha and Nix’s method [197] was 

applied to the current test so as to minimize the substrate effect and the modulus was 

recalculated to be around 100 GPa. Thus, the big difference in modulus most likely 

arises from the big difference in sample fabrication process and measurement 

techniques. 
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The SGP model by Yang et al [80] predicts that the ratio of the indentation hardness to 

the Young’s modulus (H/E) is inversely proportional to the indentation depth, which 

has been verified by the nanoindentation on a Zr-based bulk MG within the depth 

range of 25~200 nm [209]. For the current case, however, rather than increase with 

increasing reciprocal of the depth as suggested by the SGP model, the ratio appears 

nearly invariable, i.e., this composition does not have an ISE. According to Eqs. 4.20 

and 4.21, the absence of ISE is phenomelogically attributable to the negligibly small 

material length scale. 

The PSR model has been successfully applied to both crystalline and amorphous 

materials [81, 202, 203]. Within the PSR framework, the surface friction is expected to 

play a significant role in determining the mechanical properties in nanoindentation 

especially at the nanometer scale due to the large surface/volume ratio. When the 

indenter is driven into the surface, the friction acts against the indentation load and 

makes it necessary to apply a larger force than in the case without friction at an 

equivalent depth. According to the PSR model, the ratio of indentation load to 

displacement (P/h) is a linear function of displacement as defined below: 

 

 haa
h

P
10   (4.22) 

where a0 is a constant describing the frictional resistance, and a1 is a coefficient related 

to the load-independent micro-hardness. The fitting values for a0 at loading rates of 

0.01, 0.1 and 1 mN/s are respectively 9.53×10
-3

, 8.95×10
-3

 and 9.8×10
-3

 mN/nm, which 

are independent of loading rates and indicate that the frictional effect on 
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indentation load should be remarkably small. As the thin films in this work have a very 

low frictional effect coefficient, the friction is thought not to contribute to the ISE. One 

can notice that, even without the frictional effect, the curve can be well fitted by a 

linear function. The fitting values for a1 at the above loading rates are respectively 99, 

121, and 126 GPa. This increasing trend is in good agreement with the results in Figs. 

4.9g and 4.10b. 

4.5.3 Elevated temperature 

Rather than discuss the mechanical properties with respect to the temperature, it is 

more useful to describe them in relation to the indentation depth at various 

temperatures. The mechanical properties of the amorphous thin films Cu50Zr50 were 

calculated with the Oliver-Pharr method and their temperature dependence is 

illustrated in Fig. 4.14. The contact compliance is generally defined as the ability of 

materials to resist the indentation load at the surface contact point, which is contributed 

by both the materials being tested and the instrument itself. It decreases nonlinearly 

with increasing indentation depth. The thin films, as they heat up, exhibit a larger 

compliance, smaller hardness and modulus, which is related to the thermal expansion 

and increasing amplitude of atomic vibration. Apparently, the hardness holds almost 

constant throughout the depth range at all the test temperatures, while the reduced 

modulus remains nearly invariable and decreases with increasing depth more 

significantly at higher temperatures. The H/Er with respect to 1/h at elevated 

temperatures is calculated and presented in Fig. 4.14d. Unlike the trend predicted by 

the SGP model where H/E increases with an increasing depth [80], the ratio attenuates 

inappreciably at room temperature and moderately at higher temperatures, which may 
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imply that there should remain some other mechanisms contributing to the ISE. 
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Figure 4.14 Temperature effects on (a) contact compliance, (b) hardness, and (c) 

reduced modulus. (d) Hardness/modulus ratio as the function of the inverse of the 

indentation depth. 

 

4.5.3.2 Substrate effect 

The thin films were grown on Si (100) substrates and then attached to an aluminum 

stage with a high-temperature ceramic adhesive. The measured hardness and Young’s 

modulus for Si (100) at room temperature are 12 (±0.5) and 179 (±8) GPa respectively, 

significantly larger than the thin films (~6.8 and ~120 GPa). The substrate effect from 

Si can thus be excluded because otherwise the composite hardness and modulus may 
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increase as the substrate effect becomes more significant at steeper indentations. Could 

the substrate effect arise from the adhesive? If that is the case and the adhesive is softer 

than the thin films, the composite hardness and modulus could both decrease with 

increasing depth. To survey the soft substrate effect, thin films on cover glasses (6.4 

GPa for hardness and 72 GPa for modulus) were fabricated. The hardness and modulus 

were continuously and repeatedly measured five times on an MTS Nanoindenter
®
 XP 

system, which is shown in Fig. 4.15. It is observed that both hardness and modulus 

hold constant below 500 nm, implying the insignificant substrate effect. Hence, the 

constant hardness and reducing modulus at high temperatures in Figs. 4.14b and c 

suggest the negligible influence of the substrates. 

50 100 150 200 250 300 350 400 450 500
2

3

4

5

6

7

8

9

50 100 150 200 250 300 350 400 450 500

70

80

90

100

110

120

 

 

H
a

rd
n

e
s
s
 (

G
P

a
)

Indentation depth (nm)

 

 

M
o
d
u
lu

s
 (

G
P

a
)

Indentation depth (nm)

 

Figure 4.15 Depth dependence of hardness and modulus of the thin film specimen 

deposited on a glass cover. 

 

4.5.3.3 Surface effect 

As early as in 2002 [210], it was realized that the SGP might not be sufficient to 

explain the ISE especially at very shallow indentation depths, because the surface 
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effect would play a pivotal role at such small length scales. The source of this effect 

can be either surface friction, or surface-to-volume ratio, hence leading to two various 

models. One model is termed as the PSR where the surface friction between the 

indenter facets and the material test is considered to play some part in ISE. This 

frictional effect has been experimentally proven to exist in metals and introduced here 

to understand the ISE in MGs. As the model suggests, the ratio of indentation load to 

displacement (P/h) is positively proportional to the indentation displacement. 

Presented in Fig. 4.16 are the curves of P/h vs h at elevated temperatures, which can be 

well fitted with Eq. 4.22. Although the frictional term a0 apparently increases as the 

temperature ascends, its remarkably small value may suggest that the surface friction 

should have a negligible influence on the ISE. The insignificant frictional effect is 

attributed to the good surface quality of the thin films. 

The other model takes into account the surface-to-volume ratio, i.e., the projected 

contact surface to the volume of the plastic deformation zone. The plastic zone beneath 

the indenter is assumed to have a hemispherical geometry, the radius δ of which is well 

described by Johnson’s spherical cavity model as expressed in Eq. 4.19. 

For plastic contacts of a spherical tip, Gerberich et al [210] naturally arrived at the ISE. 

Following their concept while replacing the spherical contact area with the Berkovich 

contact area, the surface-to-volume ratio is defined as: 
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where hc is the contact depth beneath a Berkovich indenter, the projected contact area 

of a perfect Berkovich tip is 24.5hc
2
. The volume of the plastic deformation zone is 

(2/3)πδ
3
. 

By using the projected contact area, the mean contact pressure or hardness H is 

determined as: 
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Figure 4.16 The ratios of load to depth with respect to the indentation depth at 

elevated temperatures. 
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Based on these equations, load P is eliminated and hardness H rewritten as: 
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It can be seen that hardness is related to both indentation depth and surface-to-volume 

ratio. Gerberich et al [210] reformulated the ratio as a function of a/c (a is the contact 

radius under a spherical contact, a/c is considered to remain constant) and thus the 

surface-to-volume ratio could be constant through a few hundred nanometers in their 

single crystalline specimens. Taking the assumption as correct for MGs, hardness 

definitely falls off as the depth increases. The two-third power is approximate to the 

squared root of the depth as predicted by Yang et al [80]. This effect results in an ISE 

and is insufficient to interpret the decreasing modulus because the minimum 

indentation depth is 200 nm, which is large enough to rule out the effect of surface 

atoms on the modulus. Could the modulus be artificially measured because the area 

function is only calibrated at room temperature? To avoid this problem, H/Er
2
 as the 

function of the indentation depth is plotted in Fig. 4.17. This ratio does not depend on 

the area and is considered to depict the true hardness variation in the case of constant 

modulus [211]. Clearly, the ratio increases negligibly at room temperature and more 

significantly at higher temperatures. 
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Figure 4.17 Variation of H/Er
2
 with indentation depth. 

4.5.3.4 Nanocrystallization effect 

As discussed above, the substrate and surface effects cannot satisfactorily explain the 

variation in hardness and modulus. Nanocrystallization could contribute to the ISE 

inversely, i.e., hardness most commonly increases as nanocrystallites form beneath the 

indent [82, 212]. The hardening mechanism in MGs, as in crystalline materials where 

it is largely determined by the dislocation mobility, lies in the shear banding activity. 

The precipitated nanocrystallites or the residual glassy matrix can enhance the 

hardness by either interrupting the shear banding paths or improving their shear 

resistance. The occurrence of nanocrystallization is made possible by either local 

thermal events or mechanical stress. In this study, with the assistance of both heat and 

stress, the region below the indentation is more prone to crystallization at a higher 

temperature. Moreover, the volume fraction of the crystallites increases at a greater 

depth. Fig. 4.18 refers to the residual impression made at the indentation depth of 2500 

nm by room-temperature nanoindentation. The white particles emerge on both the 

indent surface and the edges of the SBs, one of which denoted by a circle in Fig. 4.18 

takes on an EDX pattern similar to the designed composition. Besides, the 
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peripheral area of the indent is all clear of particles. From these facts it is inferred that 

the particles are not contaminants but most possibly nanocrystallites. Therefore, the 

hardness increase is the result of precipitation strengthening against the 

deformation-induced softening [213]. Temperature rise favors atomic diffusion and 

free volume annihilation. The softening effect can be attenuated at higher temperatures, 

which in turn makes the hardening effect more noticeable. 
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Figure 4.18 SEM image of an indent remaining after load removal at the 

indentation depth of 2500 nm. The nanoindentation testing is operated at room 

temperature. The white particles located on the indent surface or the edges of the 

SBs are supposed to be nanocrystallites, one of which encircled is analyzed by 

EDX (given on the right) and shows the composition similar to the as-prepared 

specimen. 

4.6 Effects on creep behavior 

The flow stress or hardness varies with strain rate, which is expected as the 

consequence of the time-dependent properties of materials. Creep testing, which 

subjects the materials to a fixed load for a period of time, is widely used to characterize 

this time-dependent behavior. Compared with the other creep techniques, indentation 

creep is especially useful in two respects: on the one hand, it is readily performed on a 

small length scale; on the other hand, it can be applied particularly to hard, brittle 
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materials without making cracks or fracture. 

4.6.1 Loading rate dependence 

Given in Fig. 4.19 are the representative P-h curves at various loading rates with a 

holding time of 100 s, which are displaced from each other for clarity. Looking at the 

hold portion of the P-h curves, it is noted that as the load is held constant, the 

displacement appears to increase as a function of time and loading rate, i.e., the higher 

the loading rate is, and so will be the hold displacement, when the total hold period 

remains fixed. Later it is realized that the total creep displacement is somewhat 

affected by the instantaneous plasticity [198] in the first 1-3 s of the hold segment. The 

instantaneous deformation is most likely due to the loading ramp [198] and becomes 

more significant at higher loading rates. The comparison of the creep displacements 

before and after correction of such effect is shown in Fig. 4.20. The insets in Fig. 4.20 

describe the corrected loading rate dependence of hold displacement at the peak loads, 

where the difference in the hold displacement between the lowest and highest loading 

rates is about 1.3 nm for Zr-based alloy and 2.0 nm for Cu49.3Zr50.7. For Zr-based 

sample, except at the lowest loading rate, the hold displacement remains almost 

constant, which results from the insignificant viscoelasticity, in agreement with the 

hardness tests discussed in Figs. 4.9d and 4.10a. For Cu49.3Zr50.7, even though the 

instantaneous effect is removed, the hold displacement still increases as the loading 

rate is increased. This creep-like behavior has been revealed in a Pd-based BMG, 

where a large difference of about 10 nm in the creep displacement was observed [214]. 

The hold displacement appears to be linearly proportional to the logarithm of loading 

rates, similar to the trend discovered in the creep-time relationship [198]. 
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The plastic deformation of MGs is a very local event occurring in shear bands which is 

associated with free volumes. As proposed by Spaepen [55], the free volume is created 

under a high shear stress by squeezing atoms from one position into another, and tends 

to be annihilated by the subsequent relaxation process due to atomic diffusion. In the 

steady state, the equilibrium defect concentration is reached because the creation rate 

of the free volume is equal to the annihilation rate of the free volume. The two 

competing processes are kinetic and thus influenced by the loading conditions, for 

example, the loading rates. As the concentration reaches a critical amount, the free 

volume accumulates into a shear band. 

As for the indentation tests under the load control mode, the amount of free volume 

and thus plastic deformation during loading segment is related to the loading rates. At 

the lowest loading rate, the necessary excessive free volume is created to accommodate 

the strain, and the plastic deformation can be mostly achieved in the loading process. 

Therefore, the displacement in the holding segment is hardly observed. At higher 

loading rates, the creation rate of the free volume is much larger than its annihilation 

rate, while the time is less than sufficient to bring the system into the equilibrium 

defect concentration, and thus the equilibrium plastic deformation conditions. In 

addition, free volume is restricted from coalescing into a shear band at high loading 

rates. For these reasons, at higher loading rates, a smaller amount of time-dependent 

plastic deformation takes place during the loading segment, and a larger amount 

recovers during the holding segment. 
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Figure 4.19 The load-displacement curves at various loading rates for (a) 

Zr44Ti11Cu10Ni10Be25 (LM1b) and (b) Cu49.3Zr50.7. The insets show the loading rate 

dependence of the corrected hold displacement by excluding the instantaneous 

plasticity. 
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Figure 4.20 The creep displacement as a function of holding time before and after 

correction of the instantaneous plasticity in the first 1-3 s of the holding segment. 
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The viscoelastic flow (accurately, the anelastic component [198, 215]; however, the 

viscoplastic component [198, 215] is not able to be distinguished in this study and thus 

the term viscoelastic is used) during the constant-load portion can be approximated as 

one single process [184]: 

   


















0

0 exp1


t
hth  (4.26) 

where t is the time, h0 and τ0 are respectively the indentation depth at t→+∞ and the 

characteristic relaxation time. Applying the equation to the corrected creep 

displacement curves in Figs. 4.20b and d, the good fit parameters are generated and 

cited in Table 4.2. To ensure a good fit, the parameters are initialized, followed by 

iteration until the fit is converged. For each composition, no matter what the loading 

rate is, τ0 remains alike for all the creep tests, implying the same flow mechanism 

[184]. The ultimate penetration depth, h0, is also similar for all the tests. The relaxation 

time at room temperature for Zr-based MG is slightly shorter than that for Cu49.3Zr50.7, 

suggesting the approximate activation energy for both of alloys (for interpretation, 

refer to the discussion in the following section on elevated temperature). This finding 

is in accord with the similar STZ activation energy for the two glasses (131 kJ/mol for 

Zr-based alloy, and 122.7 kJ/mol for Cu49.3Zr50.7, quoted in Table 5.3), as the anelastic 

deformation at low temperature is driven by the mechanism analogous to the reversible 

relaxation upon annealing below the glass transition temperature which is determined 

by the STZ operation [216]. The penetration depth at the infinite time for Zr-based MG 

is almost twofold smaller than that for Cu49.3Zr50.7, which is attributable to the larger 

elastic modulus of the former than that of the latter. 
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Table 4.2 The parameters derived by fitting the corrected creep displacement 

curves with Eq. 4.26. The values at the lowest loading rate are not given because 

they are unreliably large. 

Composition 
Loading rate 

(mN/s) 

Fitting parameters 

τ0 (s) h0 (nm) 

Zr44Ti11Cu10Ni10Be25 

(LM1b) 

0.5 24.2±7.0 3.4±0.7 

1 23.1±7.6 3.3±0.7 

5 23.3±5.7 2.8±0.6 

10 26.0±2.6 3.6±0.5 

50 25.4±2.5 3.2±0.7 

Cu49.3Zr50.7 

0.025 33.8±4.1 5.7±0.7 

0.05 29.8±2.8 5.6±0.6 

0.1 30.9±3.3 5.2±0.4 

0.25 29.5±5.3 6.1±0.4 

0.5 28.1±3.6 5.8±0.6 

1 30.8±3.3 6.0±0.5 

Although the one-single-process model can reveal useful information (i.e., relaxation 

time), it does not well describe the overall creep behavior especially at larger depths 

(see the solid fitting lines in Fig. 4.21). The generalized Kelvin model, which 

simplifies the viscoelastic flow as a series of springs and dashpots and has been 

successfully applied to MGs [198, 215], is an alternative to fitting the creep data: 

   
 



























n

i i
ie

t
hhth

1

exp1


 (4.27) 

where he is the displacement of the first spring, hi and τi (i=1, 2) correspond to the 

displacement and relaxation time of the i-th process. Apparently, this model recognizes 

the multiple processes during the viscoelastic flow and can do a perfect fit to the 

experimental curves as indicated by the dashed lines in Fig. 4.20. The fitting 

parameters are not shown because they are independent of loading rates as reported in 

Table 4.2. 
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Figure 4.21 Fitting of the creep displacement curves with two equations. The 

dashed curves calculated from Eq. 4.27 appear to fit the experimental data better 

than the solid curves from Eq. 4.26. 

Based on Eq. 4.27, the spectra of relaxation times can be inferred: 
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where A0/P0 is the inverse of the hardness, and hm is the maximum indentation depth. 

Each anelastic flow is characterized by a relaxation time and connected to the 

activation of local shearing movements at defective regions (e.g., STZs) [198, 217]. 

Fig. 4.22 illustrates the spectra of the two MGs. Each composition has two broad peaks, 

indicating the distributed anelastic deformations and among them two primary ones. 

The peak positions of Zr-based alloy (i.e., 10.2 and 109.8 s) are lower than the 

corresponding ones of Cu49.3Zr50.7 (i.e., 16.8 and 174.6 s), in agreement with the results 

calculated from Eq. 4.26. The lower peak intensity for Zr-based MG than for 

Cu49.3Zr50.7 may suggest that the former is in a more relaxed state. This is the natural 

outcome of the different manufacturing processes, i.e., the liquid quenching for 

Zr-based MG and the sputtering deposition for Cu49.3Zr50.7; the latter is usually 
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expected to have a faster cooling rate than the former and therefore a larger number of 

defects would be trapped by the sputtering process. It is already agreed that the 

structural relaxation should reduce the defect concentration and then embrittle the MGs. 

In other words, the high defect concentration favors the plasticity (also refer to Section 

5.6 in Chapter 5 for more details). 
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Figure 4.22 The relaxation time spectra for the two glasses. The Zr-based alloy is 

lower in peak intensity than Cu49.3Zr50.7, suggesting that the former is more relaxed. 

Besides the use in relating the relaxation spectrum to the microscopic process, the 

creep testing can also measure the strain rate sensitivity of the hardness: 

 
ln

ln






H
mH  (4.29) 

This quantity is of great use in the way of estimating the STZ size and then correlating 

it with the plasticity of MGs [67, 218] (also refer to Section 5.6.1 in Chapter 5). The 

measurement is realized according to the knowledge that the hardness and strain rate 

both change continuously during the creep. The hardness and strain rate are measured 

when either the indentation area or the depth is known. However, it is not 

straightforward for the creep to calculate the area with the Oliver-Pharr method 
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because the method does not hold true during the creep, specifically, the depth 

dependence of area for the creep does not follow the square-root relation as found for 

the loading but the power law relation with an exponent depending on 

hardness/modulus [219]. Nevertheless, it is easy and acceptable to keep using the 

square-root formulation in this work, and the sensitivity here qualitatively 

characterizes the ability of materials to resist the creep deformation. In calculating the 

area, the contact depth is used and the strain rate at each creep depth is the derivative 

of the fitting curves for the experimental creep data shown in Figs. 4.20b and d. Given 

in Fig. 4.23 is the strain rate dependence of the hardness on a log-log scale for the 

steady-state creep. The mH has remarkably small values, close to that of the other MGs 

measured at room temperature [67] and consistent with the unidentified 

loading-rate-dependence of the hardness investigated above. This implies the almost 

perfect plastic deformation in the inhomogeneous flow. The sensitivity remains 

unchanged for different loading rates. Zr-based alloy has a far smaller mH than 

Cu49.3Zr50.7, indicating that the former is less viscoelastic and more creep-resistant than 

the latter. 
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Figure 4.23 Strain rate dependence of the hardness for the two glasses at various 

loading rates. The mH values are extremely low and do not vary with loading rate. 

4.6.2 Indentation size effect 

As the penetration is pushed on, the volume of plastic deformation grows and more 

defects would be involved. Thus, the indent size could affect the creep deformation. 

The ISE on creep behaviors is presented in Fig. 4.24, where the insets describe the 

depth dependence of the corrected hold displacement by excluding the instantaneous 

plasticity. For the Zr-based alloy, the little size effect within the experimental error can 

be observed, which is the result of the unnoticeable viscoelasticity; while for 

Cu49.3Zr50.7, a significant ISE occurs, i.e., the specimen creeps more at higher loads. 

These findings agree well with the prior reports of this chapter. It is worth noting that 

the creep deformation at the lowest load is not fully developed particularly for 

Cu49.3Zr50.7. This can be interpreted in terms of fewer defects covered at smaller loads 

and thus fewer anelastic processes activated. The strain rate dependence of the 

hardness only for Cu49.3Zr50.7 is plotted in Fig. 4.25, because the ISE in the Zr-based 

alloy is fairly weak. Interestingly, although the creep displacement exhibits a clear size 

effect, the strain rate sensitivity is not strongly influenced by the indent size. The 
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difference between the low and high loads may arise from the not-well-developed 

steady-state creep at high loads due to the insufficient holding time. Puthoff et al [218] 

have looked into the broadband nanoindentation creep on two BMGs and found their 

strain rate sensitivity to be similar across the load range. 
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Figure 4.24 Creep displacement versus hold time at various loads corrected by 

eliminating the instantaneous plasticity. The loading/unloading rates for all the 

tests are 1 mN/s. Insets: total hold displacement as a function of indentation depth. 

Due to the absence of viscoelasticity, the Zr-based alloy has little size effect within 

the load range; while Cu49.3Zr50.7 shows a significant ISE. 
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Figure 4.25 Strain rate dependence of the hardness at various loads for Cu49.3Zr50.7. 
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4.6.3 Elevated temperature 

The plastic flow at low homologous temperatures is thermally activated. The activation 

process takes place by the hopping of elementary units (e.g., STZ) from one energy 

configuration to another and undergoes a characteristic time length, termed relaxation 

time. According to the activation energy spectrum model [184, 217], the relaxation 

time for the process is exponentially related to the activation energy: 

 









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Tk

Q

B

exp0  (4.30) 

where τ0 is a reverse attempt frequency, kB is the Boltzmann constant, Q is the 

activation energy, and T is the absolute temperature. Straightforwardly, the longer τ 

corresponds to the larger Q and the relaxation time drops as the temperature is 

increased. The creep deformations at elevated temperatures are surveyed by holding 

the indenter at different maximum indentation depths (300, 350, and 400 nm) for 60 s, 

of which the ones at 400 nm are shown in Fig. 4.26 and fitted with Eq. 4.26. The fitting 

parameters for all the tests are listed in Table 4.3. Not surprisingly, since the 

viscoelastic flow becomes easier at higher temperatures, the final indentation depth h0 

increases as the temperature rises, in agreement with the experimental values. However, 

in the work by Concustell et al [184], the contrary results were reported, which was 

explained by them in terms of less relaxation times at higher temperatures and 

therefore larger portion of anelastic recovery in the loading. The reason for the 

discrepancy is believed to lie in the thermodynamic state of the as-prepared samples 

and the testing conditions, for example, it is a bulk material prepared by copper mould 

casting and 150 s for the holding duration in the literature work [184] while here it is a 
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thin film deposited by magnetron sputtering and 60 s for the holding duration. It is 

already known that the anelastic flow covers a spectrum of activation energies and 

short loading time (<100 s) results in a poorly developed spectrum because the 

anelastic processes with long relaxation time are not all activated and thus they do not 

contribute to the creep deformation. This interpretation may also be applicable to the 

similar characteristic relaxation times in Table 4.3, regardless of the indentation depth 

and test temperature. 
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Figure 4.26 The creep displacements of Cu50Zr50 thin films at elevated 

temperatures recorded at the maximum indentation depth of 400 nm. The 

experimental curves are fitted with Eq. 4.26. 

Table 4.3 Effects of temperature and the maximum indentation depth (300, 350, 

and 400 nm) on the relaxation time τ0 and the ultimate penetration depth h0 during 

the creep testing. 

Temperature 

(K) 

Fitting parameters 

τ0 (s) h0 (nm) 

300 nm 350 nm 400 nm 300 nm 350 nm 400 nm 

298 24.8±9.1 16.1±1.7 17.7±4.7 6.9±1.8 6.4±1.8 6.4±0.6 

333 20.3±6.5 19.1±1.3 25.6±4.2 9.0±1.4 10.5±1.8 10.0±2.1 

363 23.0±7.4 19.2±3.0 25.3±9.2 15.3±8.6 13.3±2.6 17.1±2.5 

393 21.1±4.8 18.3±6.4 21.7±7.0 23.0±4.1 15.6±3.8 13.6±5.6 
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4.7 Summary 

As MGs consist of both solid-like and liquid-like regions, they exhibit viscoelasticity. 

A viscoelastic model was first formulated, which definitely states that the elastic 

behavior and mechanical properties of MGs could be influenced especially by low 

loading rates (0.1 mN/s in this study). Following this model, the effects of loading rate, 

indentation size and elevated temperature are fully investigated by instrumented 

nanoindentation on three MGs (i.e., La65Al14(Cu5/6Ag1/6)11Ni5Co5, 

Zr44Ti11Cu10Ni10Be25, and Cu49.3Zr50.7) chosen from the nine compositions surveyed in 

Chapter 3. These compositions are expected to be representative because they sweep a 

range of glass transition temperatures from low ones close to 100 °C to high ones 

around 450 °C. It should be added that the high-temperature nanoindentaion was 

performed only on Cu50Zr50 (similar to Cu49.3Zr50.7 and within the instrumental error 

for EDX attached on SEM) because it is somewhat time-consuming (load zeroing, 

calibration, and temperature equilibration etc.) and not always available for research 

use (the facility was built to first serve the industrial projects). 

The load-displacement (P-h) curves for all the three MGs show resemblance in the 

following aspects. Firstly, the loading traces at the lowest loading rates are interrupted 

by displacement bursts, and this discontinuous behavior is commonly referred to as 

serrated flow, which has been related to the shearing movement of single shear bands 

in the literature. Secondly, the serrated flow is strongly dependent on the loading rates, 

specifically, it becomes more prominent as the loading rate decreases. There exists a 

critical loading rate differing across the composition, above which the serrated flow 

does not occur. Two reasons may account for the absence of the load serrations: one is 
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the limited instrumental resolution and the other is the deformation mechanisms 

changing from the operation of single shear bands at the lowest loading rate to the 

concurrent operation of multiple shear bands at the highest loading rate. Thirdly, the 

pile-up height and the shear band zone size are both independent of loading rates, 

indicating that the pile-up effect might contribute equally to the measurement and that 

the mechanical properties are not sensitive to the loading rates. Lastly, the 

displacement burst length generally increases as the indent size grows. However, the 

bursts with small length can be found even at large depths, which is likely due to the 

fewer defects remaining after the annihilation of more defects in the previous shear 

band operation. High-temperature nanoindentation reveals that the loading profiles 

appear more serrated with rising temperature because the strain rate mismatch at 

higher temperatures between the matrix and the shear banding zone is more difficult to 

be developed. 

The loading rate dependence of mechanical properties such as hardness and modulus 

differs from one composition to another. For the La- and Zr-based alloys, their 

mechanical properties lack loading rate effect over the loading rate range; for 

Cu49.3Zr50.7, the hardness and modulus both increase as the loading rate increases up to 

0.1 mN/s and then remain almost constant. Thus, it is concluded that the loading rate 

effect is not present above a critical indentation rate because the viscoelastic effect is 

not significant. To further ensure the nanoindentation results, AFM was used to 

calculate the hardness for the La- and Zr-based alloys by imaging the residual area, and 

again found no variation in hardness. In contrast to the loading rate influence, the 

indentation size effect, manifested as the enhanced hardness with decreasing 



Chapter 4 Mechanical properties of metallic glasses by nanoindentation 

 

 
131 

indentation depth, is present in the La- and Zr-based alloys, and absent in Cu49.3Zr50.7. 

The La-based MG has a more significant ISE than the Zr-based MG, resulting from the 

different characteristic material length scales which could be determined by the size of 

the STZs. AFM measurements reconfirm the presence of the ISE in the La-based MG. 

It is worth noting that the AFM hardness is usually lower that that by nanoindentation, 

which is thought to stem from the pile-up effect. Moreover, the pile-up height and 

shear band zone size both show the positive ISE, while the pile-up height ratio does 

not. The depth-dependent behavior for the shear band zone size clearly deviates from 

the Johnson’s spherical cavity model, because the model was built without considering 

the ISE. In regard to the temperature, its impact on the mechanical behaviors is seen by 

the high-temperature nanoindentation tests on Cu50Zr50, specifically, the hardness 

(exactly, the ratio of hardness over squared modulus H/E
2
) remains almost constant 

over the depth range at room temperature and increases more significantly at higher 

temperatures. By excluding the effects from the substrate and surface, the 

nanocrystallization is most likely responsible for the phenomenon, as it can be induced 

by heat and influence the activity of shear bands. 

The nanoindentation creep, determined by the composition, does have dependence on 

the above-mentioned testing conditions. For the Zr-based MG, due to the insignificant 

viscoelasticity, the effects of loading rate and indentation size appear to be negligible; 

while for Cu49.3Zr50.7, the creep displacement explicitly increases as either the loading 

rate or the indent size grows. The creep flow can be well fitted by the 

one-single-process model or the Kelvin model which recognizes the multiple processes 

during the creep. Based on the one-single-process model, the relaxation times are 
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estimated. The two alloys have similar relaxation times, suggesting the approximate 

activation energies for the anelastic flow. Based on the Kelvin model, the relaxation 

time spectra are derived. Two peaks occur on the spectra, suggesting two primary 

anelastic processes. The Zr-based MG has a more relaxed state than Cu49.3Zr50.7 

because the former has lower peak intensity than the latter. The elevated temperature 

tests on Cu50Zr50 reveal the larger creep displacement at higher temperatures. However, 

the temperature and indentation depth both appear not to affect the relaxation times, 

which is due to the short holding time (60 s) and thus the anelastic recovery with 

longer relaxation time is not activated. Besides calculating the relaxation spectrum, the 

creeping technique here can also qualitatively measure the strain rate sensitivity which 

characterizes how resistant a material is to the creep deformation. It is found that the 

test MGs, especially the Zr-based alloy, have remarkably small strain rate sensitivity, 

in good line with the prior results by normal nanoindentation that MGs are independent 

of the loading rates. In addition, the strain rate sensitivity remains unaffected by the 

loading rates and peak loads. 
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Chapter 5 Correlation between Thermal 

and Mechanical Properties 

5.1 Introduction 

It has long been recognized that the thermal and mechanical properties are both 

interrelated [2], because they are determined by atomic cohesion energy. In addition, 

the two processes are activated by the movement of atomic clusters. Based on these 

pioneering studies and by including the other physical factors (e.g., molar volume), 

their relationship is already quantified in the literature work [94, 178, 220, 221].  

In this chapter, based on the work described in Chapter 3 and 4, the correlation 

between thermal and mechanical properties is explored at first. By referring to a large 

quantity of literature, the VED effect is observed on the mechanical properties of 

BMGs covering Mg-, Ca- , Cu-, Ti-, Zr-, Hf-, Fe-, Ni-, Pd- and RE-based (RE for rare 

earth) systems. More interestingly, plasticity (here, subjected to compressive loading) 

appears somewhat VED-dependent, i.e., the maximum plasticity preferentially occurs 

within a certain intermediate VED region, beyond which MGs exhibit very limited or 

even no plasticity (see Fig. 5.3). Such dependence relation is understood by 

introducing STZs, based on which, amorphous plasticity near glass transition 

temperature was established recently [222]. 

The work in the following sections has been published in [223] 
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5.2 Correlation between thermal and mechanical properties 

Fig. 5.1 presents the relationship between the thermal (i.e., glass transition temperature 

and fragility index) and mechanical properties (i.e., hardness and shear modulus). Not 

surprisingly, as predicted in the literature, the positive correlation between the 

properties is found, exactly, the hardness or shear modulus is enhanced as the glass 

transition temperature or fragility increases. The scattering of the data points indicates 

that there exist some other effects (i.e., the molar volume) governing the properties. 

Nevertheless, the definite relation confirms that the thermal and mechanical processes 

share the similar mechanisms. In what follows, this relationship is discussed from the 

viewpoint of valence electron density (VED). 
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Figure 5.1 Relationship between thermal and mechanical properties: (a) hardness 

vs glass transition temperature, (b) shear modulus vs glass transition temperature, 

(c) hardness vs fragility and (d) shear modulus vs fragility. 
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5.3 Correlation between properties and valence electron density 

Since discovery in 1960, metallic glasses (MGs) have attracted increasing attention 

and lots of issues still exist to be explored, the hottest of which might be their 

mechanical properties because MGs generally have yield strength approaching the 

theoretical value, large elastic limit (2%) and very limited plasticity. These unique 

characteristics are thought to be derived from the unique structure. Unlike crystals, 

MGs consist of randomly close-packing atoms and thus do not involve crystallographic 

symmetry and defects. The structural simplicity implies that their properties might be 

governed only by a few underlying factors—chemical/geometrical short-range orders 

(SROs), atomic volume, electron density and the likes. Recently a distinct composition 

dependence of their mechanical properties has been revealed [48, 224-226]. For 

example, in CuxZr100-x amorphous alloys, both the Young’s modulus and yield strength 

gradually increase until the Cu content goes up to 65 at.% and then drop with further 

addition of Cu, while the plasticity does inversely [226]. This composition-mechanical 

property trend follows that of the composition dependence of atomic packing density 

which is an indicator of the structural stability and determined by the SRO atomic 

configurations [226]. Building on potential energy landscape (PEL), Cheng et al [48] 

provided a physical insight into the structure-property correlation as a result of the 

evolution of icosahedral ordering, a structure-stabilizing factor for BMGs. As such, the 

mechanical properties are regarded to be closely related to SRO structures or structural 

stability. 

In conventional crystalline alloys, stability of certain intermediate phases is 
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significantly dependent on valence electron concentration—the number of valence 

electrons per unit cell, which is known as one of the Hume-Rothery rules. In addition, 

according to the universal binding energy relation, Rose et al [227] and Banerjea et al 

[228] found, for metallic and covalent bonds in a wide range of chemical situations, 

that the important parameter in determining the bond strength and thus elastic 

properties is the valence electron density (VED)—the number of valence electrons per 

atomic volume. Despite the small difference, both concepts are usually interchangeable; 

the latter will be used throughout this article. In light of these earlier studies, the 

correspondence relationship between structural stability and mechanical properties of 

MGs suggests a possible link between VED and mechanical properties. 

Table 5.1 presents the summarized data on elastic properties and compressive plasticity 

of BMGs. The compressive plasticity is characterized by excluding the elastic 

component from the total strain. All of samples chosen underwent generally similar 

test conditions (e.g., sample geometry, aspect ratio and strain rate) so as to minimize 

the extrinsic effects on plasticity. 

VED of a metallic glass is calculated by 

 







i ii

i ii

x

ex
d  (5.1) 

where xi is the atomic concentration, ei and i are respectively the number of valence 

electrons and atomic volume of pure element i. The ei values available in [229, 230] 

are calculated according to the relationship between ionic and atomic radius. The 
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atomic volumes equal those of corresponding elements by assuming that alloys are 

ideal solid solution. This assumption, although simple, is sufficient to capture the 

varying behavior of VED with composition [231]. Fig. 5.2 displays the VED 

dependence of Young’s modulus (E), shear modulus (G) and bulk modulus (B), 

respectively. Not fully surprisingly, these elastic properties scale linearly with 

increasing VED as observed in metals and compounds [232]. Generally mechanical 

properties of solids are determined by their elastic properties. Both yield strength and 

hardness of MGs were found to be linearly proportional to elastic moduli [201]. Hence, 

it can be expected that these mechanical properties are strongly dependent on VED. 

Glass transition temperature (Tg) is a key factor indicating the glass forming ability of 

MGs and can be predicted roughly from the equation Tg2.5E [201]. This relation 

demonstrates that Tg is VED-dependent as well. 

Table 5.1 Collected data on elastic properties (E, G, B and  stand respectively for 

Young’s modulus, shear modulus, bulk modulus and Poisson’s ratio) and 

compressive plasticity (p) of BMGs. The compressive plasticity is defined as a 

portion of the total strain excluding the elastic component. Due to the similarities 

in test conditions (i.e., sample geometry, aspect ratio and strain rate), their effects 

on plasticity are minimized. 

Alloy 
E 

(GPa) 

G 

(GPa) 

B 

(GPa) 
 

p 

(%) 

Sample geometry, diameter 

(mm), aspect ratio and 

strain rate (s
-1

) 

Ref. 

Mg65Cu25Y10 50.1 18.9 48.8 0.329   [233] 

Mg65Cu25Y9Gd1 49.2 19.5 34.3 0.261 0 Rod, 2, 2:1 [233] 

Mg58.5Cu30.5Y11 53.9 20.4 49.4 0.318 0.35 Rod, 3, 2:1, 1×10
-4

 [234] 

Mg58Cu27Zn5Y10 55.2 21.3 44.8 0.295 0 Rod, 3, 2:1, 1×10
-4

 [234] 

Mg58Cu25Zn7Y10 54.1 20.85 44.57 0.297 0 Rod, 3, 2:1, 1×10
-4

 [234] 

Mg75Cu14.5Zn3.5Y7     0.4 Rod, 3, 2:1, 1×10
-4

 [234] 

Mg60Cu25Zn5Gd10 54 20.64 46.7 0.307   [234] 
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Mg65Cu25Tb10 51.3 19.6 44.7 0.309 0  [235] 

Mg65Cu25Gd10 50.6 19.3 45.1 0.313 0  [94] 

Mg75Cu15Gd10 50    0 Rod, 2, 2:1, 5×10
-4

 [236] 

Mg70Cu15Ni5Gd10     0.15 Rod, 2, 2:1, 5×10
-4

 [237] 

Mg75Cu5Ni10Gd10 54    0.2 Rod, 2, 2:1, 5×10
-4

 [237] 

Mg65Cu20Ni5Gd10     0.15 Rod, 2, 2:1, 5×10
-4

 [237] 

Ca48Mg27Cu25 29.8 12.1 18.4 0.230 0 Rod, 4, 2:1, 1×10
-4

 [238] 

Ca50Mg20Cu30 33.2 12.7 29.2 0.311   [239] 

Ca65Mg15Zn20 26.4 10.1 22.6 0.306   [239] 

Ca55Mg18Zn11Cu16 31 11.9 26.5 0.305 0 Rod, 4, 2:1, 1×10
-4

 
[239, 

240] 

Ti45Zr20Be35 96.8 35.7 111.4 0.36 0.2 Rod, 3, 2:1, 1×10
-4

 [241] 

Ti40Zr25Be35 99.6 37.2 102.7 0.34   [241] 

Ti30Zr35Be35 98.5 36.4 111.5 0.35   [241] 

Ti50Ni42Cu8     0 Rod, 2, 2:1, 3×10
-4

 [242] 

Ti39.6Zr9.9Cu35.64Pd13.86Nb1     13.9 Rod, 2, 2:1, 5×10
-4

 [243] 

Ti38Zr9.5Cu34.2Pd13.3Nb5     1.8  [243] 

Zr45Cu45Al10  35.4 113.3 0.359 0~0.5 2:1, 8×10
-4

 [244] 

Zr47.5Cu47.5Al5 88.7 33 113.7 0.365 16.36 Rod, 2, 2:1, 8×10
-4

 [245] 

Zr64Cu26Al10    0.373 6~7.5 Rod, 1.5, 2:1, 1×10
-4

 [225] 

Zr65Cu15Ni10Al10 82.96 30.27 106.65 0.355 0.12 Rod, 3, 1.5:1, 1×10
-5

 
[224, 

246] 

Zr62Cu15.5Ni12.5Al10 79.65 28.89 109.03 0.378 20 Rod, 2, 2:1, 5×10
-4

 [224] 

Zr53Cu20Ni12Al10Ti5 87.58 32.12 106.78    [247] 

Zr55Cu20Ni10Al10Ti5 85 31 118    [248] 

Zr57Cu20Ni8Al10Ti5 82 30.1 99.2 0.362 1.1 Rod, 3, 2:1, 1×10
-4

 [249] 

Zr59Cu20Ni8Al10Ti3     0.6 Rod, 3, 2:1, 4.5×10
-5

 [70] 

Zr59Ta5Cu18Ni8Al10 84.3 30.9 102 0.364 4.5 Rod, 3, 2:1, 1×10
-4

 [249] 
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Zr57Nb5Cu15.4Ni12.6Al10 87.3 31.98 107.67    [250] 

Hf50Ni25Al25 125.6 47 127.8 0.336 1.2 Rod, 1.5, 2:1, 1×10
-4

 [225] 

Hf53Ni25Al22 116.5 43.3 125.3 0.345   [225] 

Hf55Ni25Al20 117.6 43.7 127.2 0.346 1.5 Rod, 1.5, 2:1, 1×10
-4

 [225] 

Hf58Ni25Al17 111.7 41.3 125.5 0.351   [225] 

Hf60Ni25Al15 110.2 40.8 122.8 0.350   [225] 

Hf62Ni25Al13 111.9 41.3 128.8 0.355 7.3 Rod, 1.5, 2:1, 1×10
-4

 [225] 

Cu68Zr32 89.6 32 149 0.40   [251] 

Cu64Zr36 92.0 34 104.3 0.352 0 Rod, 2, 2:1, 1×10
-4

 [252] 

Cu50Zr50 83.2 30 119.9 0.384 6.58 Rod, 2, 2:1, 8×10
-4

 
[245, 

252] 

Cu46Zr54 83.5 30 89 0.392 1.1  
[252, 

253] 

Cu60Zr30Ti10 93 33.8 124.6    [254] 

Cu60Zr32.5Ti7.5 90 32.8 115 0.372 0 Rod, 3, 1.5:1, 1×10
-5

 [246] 

Cu54Zr42.5Al3.5 81.3 29.2 125.6    [255] 

Cu53.2Zr41.8Al5 85.6 30.9 126    [255] 

Cu51.5Zr40.5Al8 87.4 31.6 127.2    [255] 

Cu50Zr45Al5 84 31 111 0.355 0.9 Rod, 3, 1.5:1, 1×10
-5

 [246] 

Cu57.5Hf27.5Ti15 103 37.3 117.5    [4] 

Cu47Zr11Ti34Ni8     0.2 Rod, 3, 1.5:1, 1×10
-5

 [246] 

Cu60Zr20Hf10Ti10 101.1 36.93 128.23 0.369 0  [256] 

Pt57.5Cu14.7Ni5.3P22.5 94.8 33.3 198.7 0.420 20 Bar, 3×3×6, 2:1, 1×10
-4

 [257] 

Ag60Cu40 39 12 85    [258] 

Co74Fe6B20 175.4 66.4 162 0.32   [259] 

Co60Fe20B20 174.1 65.7 166 0.325   [259] 

Fe60Co20B20 172.6 65.1 164 0.325   [259] 

Fe40Co40B20 174.2 65 182 0.34   [259] 
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Fe71Nb6B23     1.6 Rod, 1, 2:1, 1×10
-4

 [260] 

Fe56.05Co13.45Nb5.5B25     0.6 Rod, 2, 2:1, 5×10
-4

 [261] 

Fe65Mo14C15B6 195 73 192  0.8 Rod, 1.5~2, 2:1, 1×10
-4

 [262] 

Fe66Mo10P12C10B2 176 66.1 176 0.333 1.7 Rod, 1.5, 2:1, 1×10
-4

 [263] 

Fe75Mo5P10C7.5B2.5     2.5 Rod, 2, 2:1, 4.2×10
-4

 [264] 

Fe63Cr3Mo12P10C7B5 183 68.8 179 0.33 0.9  [263] 

Fe75.924Si9.5904B8.3916P5.994Cu0.1     3.1 Rod, 1.5, 2:1, 5×10
-4

 [265] 

Ni60Nb15Zr20Al5     2.5 Rod, 2, 2:1, 5×10
-4

 [266] 

Ni45Ti20Zr25Al10 109.3 40.2 129.6 0.359 0  [256] 

Ni60Nb12.5Zr20Al5Ti2.5     1.8 Rod, 2, 2:1, 5×10
-4

 [266] 

Ni60Nb10Zr20Al5Ti5     0 Rod, 2, 2:1, 5×10
-4

 [266] 

Ni40Ti17Zr28Al10Cu5 127.6 47.3 140.7 0.349 0  [256] 

Ni62.5Zr20Nb15Pd2.5     0.5 Rod, 2, 2:1, 5×10
-4

 [267] 

Ni60Zr20Nb15Pd5     2 Rod, 2, 2:1, 5×10
-4

 [267] 

Ni52.5Zr20Nb15Pd12.5     0.5 Rod, 2, 2:1, 5×10
-4

 [267] 

Ni53Nb20Ti10Zr8Co6Cu3     0.28 4.8×10
-4

 [268] 

Pd77.5Cu6Si16.5 89.7 31.8 166 0.411 10.4 Rod, 3, 1.5:1, 1×10
-5

 [246] 

Pd40Cu40P20 93 33.2 158 0.402 2 Rod, 2.5, 2:1, 3.3×10
-5

 [269] 

Pd79Cu6Si10P5     3.5  [270] 

Pd42.5Cu30Ni7.5P20 101.9 36.5 162.1 0.40 0 Rod, 3, 2:1, 5×10
-4

 
[271, 

272] 

La66Al14Cu10Ni10 35.72 13.44 34.91 0.330 0  [273] 

La55Al25Cu10Ni5Co5 41.9 15.6 44.2    [94] 

Ce70Al10Ni10Cu10 30.3 11.5 27 0.313 0  [273] 

Er50Y6Al24Co20 71.1 26.98 65.07 0.318   [274] 
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Figure 5.2 Valence electron density dependence of (a) Young’s modulus, (b) shear 

modulus and (c) bulk modulus, respectively for various BMGs. These elastic 

moduli scale linearly as VED increases. The dashed fitting lines are given as a 

guide. 
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5.4 Plasticity of BMGs 

The plot of compressive plasticity versus VED is given in Fig. 5.3. Unlike the moduli, 

the compressive plasticity is a little complicated with respect to VED. Typically MGs, 

due to the absence of crystalline periodicity, cannot sustain dislocations and thus do 

not assume macroscopic plasticity. This is evident from the summarized data because 

in the whole VED range, MGs with little or even no plastic strain can be found. A large 

number of ductile MGs have so far been developed which can be seen from Fig. 5.3. 

Interestingly, the compressive plasticity appears to be somewhat VED-dependent; the 

most plastic MGs such as Zr-, Pt-, Cu-based alloys usually sit within the VED region 

(0.17, 0.23) included by the two vertical dashed lines, while in the left region MGs 

such as Mg-, Ca-based alloys present little plasticity and in the right region MGs such 

as Fe-, Ni-based alloys present limited plasticity. It should be noted that the whole 

region appears to be separated into two zones: the first one consists of Mg-, Ca-, and 

RE-based MGs; the second one consists of the rest of MGs. In addition, there seems to 

remain a statistical trend in Zone 2 that the plasticity increases with decreasing VED. 

The separation and trend can be more readily distinguished in Fig. 5.4a. A few extra 

points need to be noted. Firstly, brittle MGs can be observed in the region denoted by 

the vertical dashed lines in Fig. 5.3, which indicates that there exist other mechanisms 

(i.e., short-range atomic configurations [253]) besides electronic effect determining the 

plasticity in MGs. Secondly, addition of non-metallic elements like B, Si, P in Pd-, 

Fe-based MGs render the plastic behavior more complicated, i.e., those 

metalloid-containing MGs have plasticity over a more broad VED region, which is 

possibly due to the change of bonding nature from a more metallic one to a more 
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covalent one [275]. 
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Figure 5.3 The plot of compressive plasticity with respect to VED for various 

BMGs. Zone 1 consists of Mg-, Ca-, and RE-based MGs; Zone 2 consists of the 

rest of MGs. In Zone 2, included by the red dashed lines is the statistical trend that 

plasticity increases as VED decreases. 

Careful analysis shows that Ti-, Zr-, and Hf-based systems are among the most 

compressively plastic MGs, and Cu, Ni are usually the second majority elements in 

these alloys. Therefore, it may be argued that the occurrence of the maximum plasticity 

region is not the result of the electron density effect, but just reflects much research 

effort on these chemically similar alloys. This opinion is not completely true because it 

does not explain the little plastic deformability in those amorphous alloys beyond the 

region. Another concern is about the artefacts likely to exist in the data for compressive 

plasticity. As it is well known, the experimental artefacts are unavoidable but can be 

minimized to an acceptable range. The sources of artefacts with compression of BMGs 

involve aspect ratio, sample parallelism, sample tilt, bending load, and so on [276]. To 

exclude these artificial effects, it is useful to refer to other reliable factors (e.g., 

Poisson’s ratio) representing the plasticity of BMGs and see if these factors are 

correlated with the VED. 
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5.5 Poisson’s ratio of BMGs 

B/G or Poisson’s ratio () has been considered as a good indicator of plasticity or 

brittleness [256, 275]. In crystalline alloys, plastic deformation at low temperatures is 

governed by dislocations which are initiated by critical shear stress proportional to the 

shear modulus G. In contrast, brittle fracture takes place through crack propagation 

which requires the tensile separation of loosely packed atomic planes. The resistance to 

the separation is proportional to the bulk modulus B [250]. Thus, higher B/G favors 

larger plasticity. Poisson’s ratio is equivalent to this ratio. These quantities are usually 

measured with a more reliable method, resonant ultrasound spectroscopy. 

The variation of Poisson’s ratio as a function of VED is given in Fig. 5.4a. Explicitly 

the maximum value of  emerges within an intermediate region, similar to that of 

plasticity. In addition, two zones can be clearly identified. In Zone 2, from a statistical 

viewpoint, Poisson’s ratio decreases as VED increases, which can be verified by the 

inset of Fig. 5.4a regarding the correlation between shear modulus and Poisson’s ratio. 

Presented in Fig. 5.4b is the compressive plasticity with respect to Poisson’s ratio, 

showing that they generally have a direct relationship. Besides the statistical trend in 

Fig. 5.4a, there seems to be a similar trend for each type of MGs (see Figs. 5.4c-e). 

Poisson’s ratios of some chemically similar systems, such as Ti-, Zr-, and Hf-based 

alloys, are plotted along with respect to VED. It is worth noting that, even in Zone 1 

where MGs are commonly macroscopically brittle, the change of Poisson’s ratio 

conforms to the statistical trend, which may imply that MGs in Zone 1 with lower 

VED should be more microscopically ductile. 
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In view of these evidences, there arises a question about the connection between VED 

and plasticity. In the following, a viewpoint is proposed to understand the plasticity of 

MGs and thus the connection. 

5.6 Analysis of plasticity from the viewpoint of energy dissipation 

MGs are typically brittle due to the rapid propagation of a single shear band (SB), 

which is a localized plastic deformation zone [277]. With assistance of thermal 

softening, SBs are able to travel through the glassy body at an approximate velocity of 

sound, resulting in the abrupt fracture of MGs [277]. Therefore, the elimination of 

thermal effect should improve the ductility of BMGs, that is, BMGs yield more 

plastically if a larger fraction of deformation work applied on the system is converted 

into other forms of energy rather than heat (to be discussed in the following paragraph). 

To understand this point, it is necessary to review the mechanism of SB formation. 
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Figure 5.4 (a) Variation of Poisson’s ratio as a function of VED, where in Zone 2 

the Poisson’s ratio generally decreases as the VED increases. Inset: correlation 

between shear modulus and Poisson’s ratio. Two zones can as well be 

distinguished, supporting the correlation between VED and Poisson’s ratio. (b) 

Compressive plasticity versus Poisson’s ratio, showing that they have a 

correspondence relationship. (c)-(e) VED dependence of Poisson’s ratio for each 

type of MGs, where some chemically similar systems are put together. The inset in 

Fig. 5.4c shows a further evidence of the correlation for Mg-based MGs. 
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A single SB generally takes place in order of two processes: nucleation and growth. 

According to the traditional mechanistic theory, the nucleation of SBs is completed 

through the collection of small atomic clusters termed shear transformation zones 

(STZs), which are the underlying structural units carrying the applied shear stress and 

their cooperative operation leads to the plastic deformation of metallic glasses. STZs 

are commonly activated at the free-volume sites due to the favorable energetics. As 

shear strain continues, the cumulative STZs combine into an embryotic SB. In the case 

that the strain reaches a critical value, the shear band stops nucleating and grows 

rapidly because the strain rate in the shear banding zone becomes infinite with respect 

to that in the glass matrix. Following the STZ model, it is evident that BMGs may 

show much ductility if the deformation work is transformed effectively into the energy 

creating STZs, exactly, the configurational entropy [222]. 

Recently, Langer [222] reformulated the amorphous plasticity theory by the effective 

disorder temperature and entropy flow, in which a term called energy dissipation rate 

per unit volume is proposed: 

 
mech
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dt
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
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




  (5.2) 

where  is the total energy dissipation rate per unit volume, (dSc/dt)mech is the 

generation rate for configurational entropy in the form of STZs during mechanical 

deformation, 0 is a factor in the dimensions of stress, kB is the Boltzmann constant, Z 

is the number of molecules in an STZ, m is the volume per molecule, and ΩZ is the 

volume of an STZ. ΩZ=CfZm, Cf is a volume correction factor due to the presence of 
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free volume in an STZ and thereby less dense atomic packing in the STZ than in the 

surrounding area. Thus, the fraction of the total energy dissipated for configurational 

disorder is expressed as 

 eff
Z

ZfBS T
Ck




0

2








 (5.3) 

where S is the energy dissipation rate for configurational disorder of STZs, Teff is the 

effective disorder temperature defined as the inverse of the derivative of the 

configurational entropy with respect to configurational energy. 

Langer estimates 0GZ, G as the shear modulus. Hence, Eq. 5.3 is rewritten as 

 eff
Z

ZfBS T
G

Ck




3




 (5.4) 

Obviously, the dissipation fraction for configurational disorder is governed by a few 

factors—number of constituent molecules, molecular volume, STZ volume, shear 

modulus, and effective disorder temperature. To understand what this equation says 

about amorphous plasticity, it is good to revisit some opinions made by Langer [222]. 

He has argued that the amorphous plasticity is closely related to the molecular 

rearrangements which are enabled by the STZs as transition states. The STZs are 

created or annihilated by thermally or mechanically generated fluctuations. Below the 

glass transition temperature, the molecular rearrangements are largely propelled by the 

applied mechanical stress. If the STZs exist in a large amount and are oriented 

randomly, the material can accommodate the external strain in all directions through 
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the shear deformation of STZs, while otherwise the material would become jammed 

due to the alignment of STZs along the direction of shear stress and no plastic 

deformation occurs any more. This stress-driven transition between flowing and 

jammed states could be associated not only with the STZ populations but—more 

importantly—with their rates of change during deformation which are determined by 

the generation rate of configurational disorder described in Eq. 5.4. In this equation, 

Teff characterizes the thermal fluctuations of nonequilibrium systems and might be 

relevant to glass transition temperature Tg at a low ambient temperature [278]. As glass 

transition temperature Tg does not vary much in most of MGs, and especially full 

knowledge of Teff is absent, the effect of Teff will not be considered here. Nonetheless, it 

is manifest in Eq. 5.4 that the energy dissipation for configurational disorder grows as 

either Z increases or the product of GΩZ decreases, of which Z may play the more 

significant role in determining the conversion efficiency because it is a powered term 

in the equation. It should be noted that the product of GΩZ implies the activation 

energy for operation of STZs. In what follows, both of effects on plasticity will be 

discussed separately in some detail. 

5.6.1 STZ volume and plasticity 

The size of an STZ is measured by either STZ volume or the number of molecules in 

an STZ; the former one is used in this article if without specifying. Table 5.2 presents 

the summarized data on the affecting factors mentioned in Eq. 5.4 [67, 94, 108]. It 

should be noted that the STZ volume and size are different in amount from that in Ref. 

[67] because the atomic volume in this study is assumed to be that of pure elements 
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and the variation in yield shear strain is taken into consideration. However, it does not 

influence the propensity of Z with composition, and thus the conclusions in Ref. [67] 

are valid. Shown in Fig. 5.5 is the curve of STZ volume versus VED, where a larger 

volume normally corresponds to a higher ductility. For example, Co69.5Fe4.5Cr1Si8B17 

with the lowest volume should have the poorest plasticity among those MGs, which is 

verified by its approximate zero plastic strain. This correspondence relation between 

STZ volume and ductility was interpreted in Ref. [67] as the result of that lesser 

number of STZs with a large size are necessary for nucleation of a SB and thus benefit 

the formation of multiple SBs. Within the framework of energy dissipation, large STZs 

promote the production rate of configurational disorder and reduce the memory of their 

prior orientation which improves the capability of holding the shear strain. Although 

these two opinions may not be exactly the same, they both predict the strengthening of 

shear capability. 

Does the STZ volume help in understanding the relationship between VED and 

ductility discussed in Section 5.4? In Fig. 5.5, the large values of ΩZ emerge within the 

VED region (0.20, 0.24), while beyond that region are small ones. However, there 

seems to be no specific relationship between VED and STZ volume. 

It has to be addressed that whether the STZ volume facilitates the ductility of BMGs is 

still an open question and therefore the correlation among VED, STZ volume and 

ductility remains inconclusive. 
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Table 5.2 Summary of data on factors controlling the dissipation fraction for 

configurational disorder. Tg, H, G, γc, ΩZ, νZ, Φ0, and W0Z respectively represent 

glass transition temperature, hardness, shear modulus, yield shear strain, STZ 

volume, STZ size, the activation energy density and activation energy both at zero 

stress. 

Composition 
VED 

(electron/Å
3
) 

Tg 

(K) 

H 

(GPa) 
G 

(GPa) 
γc

a
 

Z 

(nm
3
) 

Z 

(atom) 

Φ0 

(kJ/mol/nm
3
) 

W0Z 

(kJ/mol) 

Pd40Ni40P20 0.238 576 6.58 33.2 0.033 6.57 375 53 348.5 

Pt57.5Cu14.7Ni5.3P22.5 0.209 508 5.08 33.3 0.0254 10.4 545 31.5 327.8 

Cu60Hf25Ti15 0.216 740 7.13 37.4 0.0318 4.31 255 55.3 238.5 

Zr55Cu25Ni10Al10 0.184 630 6.01 31.0 0.0323 3.98 195 47.4 188.8 

Zr53.7Ni9.4Cu28.5Al8.4 0.186 543 7 33.7 0.0346 1.22 60 59.1 72 

Ni53Nb20Ti10Zr8Co6Cu3 0.276 846 10.28 52.6
b
 0.0326 2.72 176 81.7 222.3 

Zr44Cu44Al6Ag6 0.186 718 6.27 37.9
b
 0.0276 3.38 175 42.2 142.6 

Co69.5Fe4.5Cr1Si8B17 0.339 589 12.7 65.5 0.0323 0.68 54 100.2 67.7 

Zr45Cu49Al6
c
 0.189   35.4 0.041 1.73 100 87 150.5 

Zr54Cu38Al8
c
 0.180   32.9 0.041 2.95 160 81.1 239.3 

a
 The shear yield strain is calculated from γc=τc/G≈H/6G. 

b
 denotes that the value for shear modulus is calculated from GE/2(1+), E and  are 

respectively the Young’s modulus and Poisson’s ratio, both of which are available in 

Ref. [67]. 

c
 The data such as G and γc are derived from the broadband nanoindentaion creep 

measurements [218, 279]. 
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Figure 5.5 VED dependence of the STZ volume. 

5.6.2 STZ activation energy and plasticity 

Plasticity of BMGs is found in lab-based experiments usually when multiple SBs occur. 

As discussed above, larger STZ volume could promote the formation of multiple SBs. 

Besides that, the activation energy or potential energy barrier for an STZ [280] is also 

recognized to play an important part in the generation of multiple SBs. The activation 

energy of an STZ can be expressed within the framework of a cooperative shear model 

(CSM) [94] as 

 ZTc GW  0
2

2

8



 at τ=0 (5.5) 

and 

 ZT
c

c GRW 












 0

23

2 14 



  at 0<τ<τc (5.6) 

where τ, γc and τc are respectively the applied stress, the critical yield stress and yield 

strain. G0T is the shear modulus at zero stress which exhibits a weak dependence on T. 
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ζ and R are both constants, the former one depending on the strain fluctuation and 

material properties [281, 282], and the latter one depending on the stress. It is worth 

noting that Eqs. 5.5 and 5.6 include the term G0TΩZ which firstly emerges in Eq. 5.4 

and verify the prior statement that GΩZ matters in activation energy for STZ movement. 

Later on, without specifying, the activation energy is always equivalent to the one at 

zero stress. 

Small activation energy leads to a low energy barrier for flow initiation and yields 

more flow regions and shear transformation events globally. The large fraction of these 

so-called fertile regions benefits the global distribution of plastic strain and increases 

the possibility of occurrence of multiple SBs [225]. This interpretation is consistent 

with the prediction of the energy dissipation model where the smaller product of GΩZ 

denotes the higher efficiency of deformation-to-configurational energy conversion and 

encourages the generation of configurational disorder. Moreover, lower activation 

energy makes easier configurational rearrangement and then in-situ nanocrystallization 

during shear deformation. This shear-induced nanocrystallization has been explored in 

[283] where nanocrystals are observed to nucleate along the SBs and expected to 

effectively enhance the strength of shear banding regions so that the rapid propagation 

of these regions is obstructed. These nanocrystals, when otherwise introduced by 

pre-quenching or post-annealing processes and distributed all over the amorphous 

matrix, may also act as a site triggering the multiplication and branching of SBs [245, 

284, 285]. Furthermore, atomic-scale structural heterogeneity is regarded to be 

responsible for large ductility in some MGs [245]. Whether structural inhomogeneity is 

related to activation energy has so far not been understood. Nevertheless, most of 
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experimental evidence shows indirectly the definite relationship between STZ 

activation energy and plasticity of BMGs. 

It should be added that the tendency for crystallization of MGs can be measured by the 

activation energy for crystallization, i.e., the smaller activation energy for 

crystallization indicates the less deformation or thermal energy for 

amorphous-to-crystal phase transformation. Recent studies have revealed that 

amorphous alloys with a low activation energy of crystallization exhibit larger ductility 

than those with a high activation energy of crystallization [284, 286]. Such similar 

effect on plasticity as that of STZ activation energy may suggest that the two quantities 

are interrelated. Furthermore, it is reasonable to speculate that the activation energy for 

glass transition should be correlated to STZ activation energy. To see if there exists a 

correspondence relation, the activation energies of a number of MGs are given in Table 

5.3, some of which were measured by the author and some searched out through the 

literature. The activation energy for phase transitions such as glass transition (Eg) and 

crystallization (Ex and Ep are respectively the activation energies at the onset of 

crystallization and the first crystallization peak) is calculated with the Kissinger 

method [287]. Assuming that the number of molecules in an STZ is constant and 

approximately equal to 200 [288], the activation energy for STZ operation is worked 

out according to Eq. 5.5 where the critical yield strain γc≈0.027 and the constant ζ≈3. 

The detailed principles of selecting these parameters comply with up-to-date 

knowledge of MGs in the articles [94, 288]. Presented in Fig. 5.6 is the STZ activation 

energy with respect to activation energy for phase transitions. Obviously, the low/high 

STZ activation energy generally corresponds to the low/high activation energy for both 
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glass transition and crystallization, which justifies our previous assumption and 

enhances the comprehension of embrittling or plasticizing mechanism by STZ 

activation energy. The Mg-, Ca-, and RE-based BMGs normally have lower activation 

energies in comparison to the other BMGs. It is pointed out that the activation energy 

for phase transitions is larger than the STZ activation energy, which implies that the 

cooperative movement of STZs could be induced more easily than crystallization. At 

first sight, this could not make sense because otherwise the STZ events would be 

anticipated to assemble into a mature SB prior to crystallization, leading to rapid 

failure of MGs. However, the accompanying heat at the later deformation stage is 

likely to assist in crystallization. 
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Figure 5.6 Relationship between STZ activation energy and activation energy for 

phase transformations. Given in the inset picture is the STZ activation energy 

alongside activation energy for crystallization at the onset point. As a whole, the 

STZ activation energy scales with the activation energy for crystallization, 

although, in the area enclosed by the dashed circle, no specific correlation can be 

observed. 
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Table 5.3 Summarized data on activation energies of MGs for glass transition (Eg), 

crystallization (Ex and Ep), and STZ operation (W0Z) at an unsheared state. 

Alloy 
ρ 

(g/cm
3
) 

Eg 

(kJ/mol) 

Ex 

(kJ/mol) 

Ep 

(kJ/mol) 

Ωm 

(Å
3
) 

G 

(GPa) 

W0Z 

(kJ/mol) 
Ref. 

Al86.5Ni4.5Y9
a
 3.103 482 326 348.7 18.19 27 115.3 This work 

Mg67Zn28Ca5
a
 2.983 114.8 145  20.38 17.3 82.8 This work 

La65Al14(Cu5/6Ag1/6)11Ni5Co5
a
 6.120 207.4 193.7 191.4 29.24 14.5 99.6 This work 

Zr44Ti11Cu10Ni10Be25 (LM1b) 6.059 535.5 134.8 136 16.41 ~34 131 This work 

Cu46.6Zr53.4
b
 7.09 392 354.4 339 17.11 ~30 120.6 This work 

Cu49.3Zr50.7
b
 ~7.4 431.8 483.3 415.4 17.41 ~30 122.7 This work 

Cu53.8 Zr46.2
b
 6.76 372.7 469.1 389.2 18.79   This work 

Cu59.7Zr40.3
b
 7.66  612.6 588.6 16.19 ~35 133.1 This work 

Mg65Cu25Y10 3.284  138  20.52 18.9 91.1 [289, 290] 

Mg61Cu28Gd11 ~3.8 110 77 79 21.81 ~19 97.3 [291] 

Ca65Mg15Zn20 2.050 112 97  34.65 10.1 82.2 [181] 

Ca55Mg18Zn11Cu16 2.411 134   30.15 11.9 84.3 [181] 

Ti50Zr10Be40 4.13   269 14.74 ~36 124.6 [292] 

Ti50Cu50 6.25  230.6 207    [293] 

Ti50Ni30Cu20   366.1 406  54.4  [293] 

Ti50Ni25Cu25    306    [294] 

Ti45Zr5Ni45Cu5   380     [295] 

Zr47.5Cu47.5Al5 7.195  330  17.28 33 133.9 [283] 

Zr45Cu45Al10 7.204  367  16.68 35.4 138.6 [283] 

Zr47Cu44Al9 ~7.2 390.2 325.1 299.5 16.9 ~34 134.9 [296] 

Zr61.5Cu13.65Ni14.15Al10.7 ~6.6 214.56 267.42 305.69 19.11 ~30 134.7 [297] 

Cu64Zr36 8.07 433.7 603  15.13 34 120.8 [298] 

Cu50Zr43Al7 ~7.5   391.36 16.14 ~31 117.5 [299] 

Cu60Hf25Ti15 9.9   380 15.08 ~37 131.1 [300] 

Cu60Zr20Hf10Ti10 8.315  350 435 15.78 36.93 136.9 [301, 302]  

Pd40Cu30Ni10P20 ~9.2 578.9 231.6  13.3 34.5 107.8 [303] 

La62Al14(Cu5/6Ag1/6)14Ni5Co5 6.19 193   28.36 13 86.6 [154] 

La55Al25Ni20 6.14 328 173.7  25.66 ~16 96.4 [303, 304] 

Ce60Al10Ni10Cu20 ~6.7 179.4 128.3  26.11 12 73.6 [305] 

a
 The shear moduli for these materials are determined by assuming G≈H/6γc and γc≈0.027 after 

measuring the hardness on an MTS Nanoindenter


 XP system. 

b
 These materials are grown on glass covers in the form of thin films. The amorphous nature was 

identified by XRD and TEM. The compositions were determined by EDX equipped on JEOL-SEM. 

Upon measurement of the volume for glass covers and the thickness for both glass covers and thin films, 

the densities are directly calculated by mass over volume given the uniform distribution of thin films 

over the area. 

Note: The values with a preceding notation (~) are derived from the chemically similar compositions. 
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5.7 Connection between VED and plasticity 

The remaining question is how the above discussion in Section 5.6.2 provides a 

physical implication on VED-related plasticity of BMGs. As known, the overall 

crystallization process involves crystal nucleation and subsequent growth, both of 

which are connected to the thermally activated atomic diffusion events across an 

energy barrier. The height of the barrier is proportional to the cohesive energy, i.e., the 

higher the cohesion energy and the higher the energy barrier for atomic diffusion, 

because the diffusion process requires de-binding and reorganization of atoms. It has 

been known that the cohesion energy at least in some fcc transition metals is linearly 

proportional to VED [306] (wherein the total electron density is defined as the 

probability of finding a particle at some point). Thus, the activation energy for 

crystallization is thought to exhibit similar dependence on VED. Based on Table 5.3, 

the activation energies for both glass transition and crystallization as a function of 

electron density are given in Fig. 5.7, where, for clarity purpose, Ex alongside VED is 

embedded. This visual observation definitely confirms our expectation that activation 

energy is VED dependent. In addition, their relationship seems not to be described 

simply by linear fitting. Further discussion of the accurate relationship goes beyond the 

ability of this study. 
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Figure 5.7 Activation energies for phase transformations as a function of VED. The 

inset picture shows the relationship between Ex and VED. 
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Figure 5.8 Relationship between STZ activation energy and shear modulus, which 

reconfirms that activation energy is VED dependent since shear modulus is 

proportional to VED as described in Fig. 5.2b.  

Looking at Figs. 5.3 and 5.4a, in Zone 2, MGs on the right side have a high valence 

electron density and thus high activation energies for crystallization and STZ operation, 

which does not benefit the generation of configurational disorder or nanocrystallization. 

As a consequence, limited plasticity or a small Poisson’s ratio is usually encountered in 

these amorphous systems. As the VED decreases into the intermediate region, larger 

plasticity or Poisson’s ratio can take place due to the decreasing activation energies. In 
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Zone 1, MGs have a low valence electron density and low corresponding activation 

energies, and are supposed to present good plasticity and large Poisson’s ratio; 

however, compressive tests unambiguously show that Mg-, Ca- and RE-based MGs are 

typically brittle. Yu et al [288] attributed this brittle behavior to the low glass transition 

temperature and/or low oxidation resistance, while Senkov et al [307] suggested that 

the absence of ductility in Ca-based MGs originates from low Poisson’s ratio, 

dominant covalent bonding nature and low fragility. Despite the extrinsic or intrinsic 

effects, Poisson’s ratio of MGs in Zone 1 is related to activation energy for STZ 

operation, as that of MGs in Zone 2.  

The covalent bonds can as well prevail in some Mg-based MGs by analyzing the data 

available in [236] (wherein the average radius of the first coordination unit is about 

0.25 nm, approaching the covalent bonding lengths of 0.272 nm for Mg-Mg and 0.253 

nm for Mg-Cu). When applying the analysis to La-based MGs [154], the same 

conclusion may not be drawn because the calculated average atomic separation 

(ranging from ~0.282 to ~0.289 nm) based on the XRD data is notably larger than the 

covalent bonding distances (0.25 nm for La-La and 0.243 nm for La-Al) but close to 

the atomic bonding distances (0.276 nm for La-La and 0.281 nm for La-Al). Although 

the origin of the brittleness in these low-activation-energy MGs, especially in La-based 

MGs, is not conclusive, the VED effect does exist and provides an easy way in which 

to find potentially ductile MGs. 

Finally, another question remains: is there a relationship between STZ activation 

energy and STZ volume? This seems to become straightforward in Eqs. 5.5 and 5.6 
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where the STZ activation energy is linearly proportional to STZ volume. It could lead 

to a contradictory situation: an amorphous system has a larger STZ volume and as well 

larger activation energy; the former one may favor the ductility while the latter one 

does not. Enlightened by the work [275], it is considered that the activation energy 

density should be the more fundamental quantity governing the ductility. 

Presented in Fig. 5.9 is the variation of activation energy density with respect to STZ 

volume, where the energy density in general reduces as the STZ volume grows, 

thereby enhancing the propensity of plastic deformation through initiation of STZs 

[275]. A close look at the figure suggests that MGs, when having STZ volume larger 

than ~4 nm
3
 or activation energy density lower than 60 kJ/mol/nm

3
, tend to show more 

ductility than the inverse others. The STZ volume-energy density diagram proposes a 

two-parameter criterion distinguishing the ductile MGs from the brittle ones. For 

example, albeit there are no reported compressive data for Zr45Cu49Al6 and 

Zr54Cu38Al8, they are both explicitly envisioned to behave in a brittle manner while the 

latter shows less brittleness due to the relatively large STZ volume and low potential 

energy density. More recently, structural relaxation effect on the STZ volume of a 

Zr-based BMG has been systematically investigated [308], where the more brittle 

behavior was observed in the more relaxed samples. The increasing icosahedra 

short-range order confirmed by synchrotron X-ray scattering was explained as the 

mechanism and corresponds to smaller STZ volume and steeper potential energy 

barrier. In view of these pioneering studies, STZ activation energy (density) and its 

volume/size are believed to be interdependent. 



Chapter 5 Correlation between thermal and mechanical properties 

 

 
161 

It may be questioned that the VED-related plasticity cannot be correctly understood 

from the standpoint of activation energy density because the energy density could be 

reversely proportional to VED if the activation energy scales with VED. In fact, by 

sampling a large range of MGs (Table 5.3), it is observed that the activation energy 

density stays in positive correlation with activation energy although the measured STZ 

volumes for most MGs are not available, and thus the constant number of molecules in 

an STZ is assumed. 
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Figure 5.9 STZ volume dependence of STZ activation energy density. It suggests a 

two-parameter criterion distinguishing the ductile MGs from the brittle MGs. 



Chapter 5 Correlation between thermal and mechanical properties 

 

 
162 

5.8 Summary 

Metallic glasses (MGs) consist of randomly close-packing atoms and do not involve 

crystalline defects. Their properties are governed by valence electron density (VED) as 

in conventional crystalline alloys. By thorough search among a large quantity of 

literature, the VED dependence of their mechanical and thermal properties was verified; 

these properties are linearly related to VED. More interestingly, the plasticity and 

Poisson’s ratio of MGs are found dependent on VED as well. The whole VED region 

can be classified into two zones: Zone 1 is made up of Mg-, Ca-, and RE-based (RE for 

rare earth) alloys; Zone 2 is made up of the rest of MGs. In either zone, for each type 

of MGs, Poisson’s ratio commonly decreases as VED increases. 

From the energy dissipation viewpoint, the amorphous plasticity is closely related to 

shear-transformation-zone (STZ) activation energy. The lower STZ activation energy 

implies the higher ductility because STZs with lower activation energy are able to 

convert deformation work more efficiently into the configurational energy rather than 

heat which yields mechanical softening and advances the growth of shear bands. 

Whether there exists a relationship among STZ volume and thus ductility is still under 

investigation. 

Starting from this model, the VED was found to display an intrinsic correlation with 

activation energies for both crystallization and STZ operation, i.e., the activation 

energies ascend with increasing VED. The smaller/larger VED implies the 

weaker/stronger atomic bonding and then easier/more difficult atomic motion for STZ 

activation and crystallization. In Zone 2, MGs on the left region have a smaller VED 
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and therefore lower activation energies for both crystallization and STZ movement 

which are experimentally revealed to promote the ductility and Poisson’s ratio. In Zone 

1, MGs have the lowest VED but unexpectedly brittleness, which could be attributed 

either to low glass transition temperature and poor oxidation resistance, or to the 

dominant covalent bonds especially in Mg- and Ca-based amorphous alloys. 

Nevertheless, the VED-related plasticity suggests a simple method for designing the 

ductile MGs. 
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Chapter 6 Conclusions 

Metallic glasses (MGs), also known as amorphous alloys, are a new class of glassy 

materials which, as the term suggests, consist of random packing atoms and thus do 

not sustain crystalline defects. The unique structure leads to the unique physical 

properties, among which the thermal and mechanical properties are most interesting to 

both material scientists and engineers. As for the thermal properties, MGs are 

thermodynamically metastable alloys, which exhibit structural relaxation, glass 

transition and crystallization upon heating. As for the mechanical properties, MGs have 

the yield strength approaching the theoretical value, large elastic limit (2%) and very 

limited plasticity. Due to the lacking of defects, the thermal and mechanical properties 

are thought to be directly related to the atomic bonding strength. In addition, the 

microscopic processes in the annealing-induced structural relaxation and mechanical 

deformation are similar. In view of these facts, the thermal and mechanical properties 

are expected to be interrelated. 

In this project, nine types of MGs have been obtained or prepared in bulk forms by 

copper mold casting or in thin film forms by magnetron sputtering or in ribbon forms 

by melt spinning. The thermal and mechanical properties have been investigated in a 

systematical manner. The relationship between these properties have been established 

and explained from the viewpoint of valence electron density. Based on these results, 

the following conclusions can be made: 

1. The amorphous structures are verified by experimental and computational 
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methods. The imaging by transmission electron microscopy (TEM) shows that 

atoms are randomly packed in glasses, while X-ray diffraction (XRD) and electron 

diffraction both indicate that there indeed exist short-to-medium-range orders. 

Molecular dynamics simulation confirms the existence of such order structures, 

and at the same time suggests that the amorphous structure consists of diverse 

polyhedral types, among which some types are dominant (e.g., icosahedral and bcc 

clusters in Ti50Cu50). These clusters form a five-fold symmetry in the medium 

range distance. 

2. The thermal properties of MGs are studied by continuous differential scanning 

calorimetry (DSC). For each glassy alloy, the glass transition temperature, 

crystallization temperature, and the width of the glass transition region 

unambiguously exhibit dependence on heating rate, i.e., they increase with an 

increase in heating rate; in contrast, the heat enthalpy at crystallization appears to 

be independent of heating rate except for the Zr-based sample. Nevertheless, the 

larger glass transition temperatures generally correspond to the larger heat 

enthalpy and the wider glass transition region. Moreover, the relaxation time for 

glass transition of La- and Zr-based specimens is temperature dependent, which 

can be well fitted by the Arrhenius-type equation (Vogel–Fulcher–Tamman 

equation). As these thermal properties are correlated, they can be used to 

characterize the thermal stability and glass-forming ability of MGs. 

3. The instrumented nanoindentation was performed on MGs to characterize the 

mechanical properties especially at various loading rates and indent sizes. For all 
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the compositions tested, the load-displacement (P-h) curves undergo a transition 

from a more serrated flow at low loading rates to a less serrated flow at high 

loading rates. For the La- and Zr-based specimens, the pile-up height and the shear 

band zone size are imaged by atomic force microscopy (AFM) and found to be 

independent of loading rates, in a good agreement with the absence of loading rate 

dependence of mechanical properties. However, they both show the indentation 

size effect (ISE), specifically, the hardness is enhanced at smaller indents, which is 

well described by the cluster model. In contrast, for Cu49.3Zr50.7, the mechanical 

properties are influenced by the loading rate, i.e., they increase as the loading rate 

increases from the lowest one up to a critical one. However, it does not have an 

ISE below the depth of 500 nm. The degree of structural relaxation, which can be 

represented by the relaxation time spectrum, determines the mechanical response 

of MGs to the loading rates. This spectrum is derived from the nanoindentation 

creep, and reveals that the Zr-based specimen is in a more relaxed state than 

Cu49.3Zr50.7 because the former has lower peak intensity than the latter. In other 

words, the Zr-based specimen is less viscoelastic than Cu49.3Zr50.7. 

4. The elevated-temperature nanoindentaion on Cu50Zr50 reveals the temperature 

effect on the deformation behaviors. Firstly, the serrated flow becomes more 

prominent at higher temperatures because the critical strain rate mismatch, 

between the glass matrix and shear band, is generated at larger strain. Secondly, 

the mechanical properties such as contact stiffness, hardness and modulus are 

reduced with increasing temperature. As the nanocrystallization may occur during 

indentation, the hardness is enhanced with increasing indentation depth. Lastly, the 
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higher temperature causes the larger creep displacement. However, the 

temperature and indentation depth both appear not to affect the relaxation times, 

which is due to the short holding time (60 s) and thus the anelastic recovery with 

longer relaxation time is not activated. 

5. Based on the experimental work of this study, a proportional relationship between 

the thermal and mechanical properties is identified, which is determined by the 

valence electron density (VED)—the number of valence electrons per atomic 

volume. Furthermore, the plasticity and Poisson’s ratio of MGs are found to be 

dependent on VED as well. The whole VED region can be classified into two 

zones: Zone 1 is made up of Mg-, Ca-, and RE-based (RE for rare earth) alloys; 

Zone 2 is made up of the rest of MGs. In either zone, for each type of MGs, 

Poisson’s ratio commonly decreases as VED increases. From the energy 

dissipation viewpoint, the amorphous plasticity is closely related to the 

shear-transformation-zone (STZ) activation energy. The lower STZ activation 

energy implies the higher ductility because STZs with lower activation energy are 

able to convert deformation work more efficiently into the configurational energy 

rather than heat. Using this model, the VED was found to display an intrinsic 

correlation with activation energies for both crystallization and STZ operation, i.e., 

the activation energies ascend with increasing VED. The smaller VED implies the 

weaker atomic bonding and then easier atomic motion for STZ activation and 

crystallization. Therefore, the VED-related plasticity suggests a simple method for 

designing the ductile MGs. 
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Chapter 7 Recommendations for Future Work 

The work demonstrated in this thesis has shed some light on the relationship between 

the thermal and mechanical properties of metallic glasses, which could give indication 

for the designing of ductile amorphous alloys. Moreover, it could motivate the further 

studies in the following respects: 

1. Isothermal differential scanning experiments of MGs. Although non-isothermal 

DSC has been carried out to measure the thermal properties of MGs, isothermal 

DSC is a complementary method in the sense of providing information on 

crystallization processes: nucleation-to-growth mode or grain growth mode. 

The clarification of the crystallization processes is important in controlling the 

microstructure and thus tailoring the mechanical properties of MGs. 

2. Indentation size effect (ISE) at small indents. When the indentation depth falls 

into the range below a few hundred nanometers, the volume of the material 

probed by Berkovich indenter tip is too small to involve a large number of 

defects. From this fact, it could be interesting to see if the ISE at small indents 

can still follow the classical description (e.g., the Nix-Gao model). In addition, 

unlike Berkovich indentation, spherical indentation is able to identify the load 

for the initial plastic yielding. Since the defect number may vary with a change 

of the indentation volume, it deserves further investigation whether the yielding 

load correlates with the radius of the spherical tip, which can give some 

indication for the plastic deformation mechanism of MGs. 
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3. Origin of brittleness for Mg-based MGs, etc.. In this study, Mg-, Ca-, and 

La-based MGs are special in comparison with other MGs because they are 

totally brittle. The brittleness is attributed to oxidation or covalent bonds. It will 

be useful to clarify, with experimental and computational methods, the extent to 

which these intrinsic or extrinsic effects contribute to the brittle behaviors. 

Therefore, optimization methods can be figured out to improve their 

mechanical properties, especially the plasticity. 
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