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Summary 

In the absence of structural defects such as dislocations and grain 

boundaries in crystalline materials, bulk metallic glasses (BMGs) exhibit 

unique mechanical properties as compared to their crystalline counterparts, 

such as high strength and high elastic strain. However, the Achilles heel of 

BMGs is that they lack of plasticity at room temperature, which is detrimental 

to their application as engineering materials. Abundant works have been 

conducted on the mechanical behavior of BMGs under compression over past 

decade; however, there is limited work on the tensile behavior of monolithic 

bulk metallic glasses. Thus, there is a compelling need for research studying 

the mechanical behavior of BMGs under tension, both for a better 

understanding of the fundamental mechanism and for supporting the 

application of BMGs as practical engineering materials.  

This work employs tensile tests to study mainly the mechanical 

behaviors of monolithic bulk metallic glass (BMG) at room temperature. 

Through designing series of tensile confinement samples and carrying out 

systematic experiments, this work aims to reveal, essentially, tensile plastic 

deformation, tensile strength, and fracture mechanism of metallic glass. Our 
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ultimate goal is to provide insights for understanding the mechanical 

behavior of BMGs. 

The first significant finding of this work is achieving tensile ductility in a 

variety of confined BMGs at room temperature. It is revealed that tensile 

elongation can reach up to ~25 % before fracture, and homogeneous tensile 

plasticity can reach as high as 10 %, which are both records for the 

deformation of BMGs. Such extraordinary tensile ductility is in sharp contrast 

to the usually observed negligible plastic deformation for BMGs at room 

temperature. The tensile plasticity exhibited by BMGs under confinement 

condition provides a useful guideline for engineers in selection of BMGs as 

structural materials.  

High strength is a long-standing goal for structural materials and is the 

primary considering factor for engineering applications. BMGs are considered 

to possess high strength, corresponding to the strength of ~E/50. The second 

contribution of this work is to identify the ultrahigh tensile strength of BMG. 

Through investigating the tensile strength variation of BMG samples with 

various stress state, it is revealed that tensile strength is as high as 3.6 GPa, 

which is comparable to that computed from Griffith’s theory. This value is 

approximately E/20 (where E is Young’s modulus), approaching the theoretic 

strength limit and placing BMG among the highest strength materials. In 

addition, the unique fracture features, namely cracks, micro voids and 
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‘dimple-like’ structure are also revealed in this work. These features are in 

contrast to the conventional reported core and radiating veins tensile features. 

Such fracture morphology provides insights not only for understanding 

fracture mechanism but also for analyzing the failure of BMG component. 

Finally, the major contribution of this work is to uncover the strain 

hardening behavior of metallic glass. This phenomenon is in sharp contrast to 

the usual observations of deformation induced ‘strain softening’ in metallic 

glasses, where the plastic strain is accommodated by shear bands. We believe 

this ‘strain hardening’ behavior is attributed to the densification of the 

structure induced by high level of tensile stress. We propose that metallic 

glass can behave like ductile crystalline materials if it is ‘shear band free’. This 

work is the first to provide the definitive prove that deformation induced 

hardening can occur in monolithic BMGs, and is of paramount importance for 

reinterpreting the mechanical behavior of metallic glass. 
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Chapter 1  

 

1 Introduction 

1.1 Background knowledge of metallic glasses (MGs) 

 

Solid is one of the three classical states of matter, with the other two 

being liquid and gas. It can be further divided into two sub-categories based 

on the arrangement of its constituents. If the atoms, molecules or irons that 

consist of the solid are arranged with long-range order, it is known as crystal. 

But in other materials, there is no long-range order. These materials are called 

non-crystalline (amorphous) solid. The earliest amorphous solid that humans 

used is glass. Glassmaking by humans can be traced back to 2500 BCE in 

Mesopotamia (i.e. modern Iraq), and was subsequently developed by the 

Roman Empire. Nowadays, glass plays an important role in science and 
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industry and is widely used in our daily life. For example, it can be made into 

containers, optical components, laboratory equipment and glassy arts. 

Unlike conventional metals which are normally crystalline materials, 

metals can also form glasses, which refer to as metallic glasses or glassy alloys. 

Metallic glasses can be prepared by rapid solidification of the molten alloy so 

that crystallization can be bypassed (Figure 1.1).  

 

Figure 1.1 Schematic diagram of time-temperature-transformation 

(TTT) for glass formation by rapid quenching of a liquid without 

crystallization. Line a corresponds to crystallization at low cooling 

rate, line b corresponds to vitrification at high cooling rate. 

 

The first discovery of metallic glasses was reported in Au-25at.%Si alloy 

at Caltech by Duwez in 1960 [1]. After this foundation work, enormous work 

has been carried out to find metallic glasses in various alloy systems, which 

crystallization

vitrification

ab
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was facilitated by the development of rapid quenching technique. However, 

the size of metallic glasses was limited in micrometers due to the requirement 

of high cooling rate (on the order of 106 K/s) to avoid crystallization. In 1969, a 

Pd-based metallic glass, whose size was larger than 1 mm, was reported to 

have a low critical cooling rate between 102-103 K/s [2]. If millimeter scale is 

defined as bulk, that alloy was the first reported bulk metallic glass (BMG). In 

the early 1980s, a 1-cm-diameter ingot of fluxed Pd40Ni40P20 glass was 

discovered [3].  

Beginning from 1988, Inoue’s group at Tohoku University, carried out 

systematic searches for bulk metallic glasses in multi-component systems, 

which boosted the interest in the discovery of bulk metallic glasses [4]. In 1992, 

a Zr-based Be-bearing alloy, namely Zr41.2Ti13.8Cu12.5Ni10Be22.5 (Vitreloy 1), was 

successfully developed at Caltech by Johnson and co-workers [5]. This bulk 

metallic glass is the first commercial amorphous alloy. Today, dozens of 

centimeter-sized BMGs in a variety of alloy systems have been reported [6-22].  

Table 1.1 summarizes the compositions and critical sizes in various bulk 

metallic glasses forming alloy systems. All these alloys are based on 

multicomponent system with at least three elements, and the critical cooling 

rate could be as low as 1 K/s. 
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Table 1.1 Representative bulk metallic glass compositions with 

critical size larger than 10 mm and the year of first reporting. 

Base 

metal 

Composition 

(atomic %) 

Critical 

diameter 

(mm) 

Production 

method 

Year Ref. 

Pd-

based 

Pd40Ni40P20 10 Fluxing 1984 [3] 

 Pd40Cu30Ni10P20 72 Water quenching 1997 [6] 

Zr-

based 

Zr65Al7.5Ni10Cu17.5 16 Water quenching 1993 [7] 

 Zr41.2Ti13.8Cu12.5Ni10Be22.5 25 Copper mold 

casting 

1996 [22] 

 Zr46Cu30.1Ag8.36Al8Be7.5 72 Copper mold 

casting 

2011 [8] 

Cu-

based 

Cu46Zr42Al7Y5 10 Copper mold 

casting 

2004 [9] 

 Cu49Hf42Al9 10 Copper mold 

casting 

2006 [10] 

Rear 

Earth-

based 

Y36Sc20Al24Co20 25 Water quenching 2003 [11] 

 La62Al15.7Cu11.15Ni11.15 11 Copper mold 

casting 

2003 [12] 

Mg-

based 

Mg54Cu26.5Ag8.5Gd11 25 Copper mold 

casting 

2005 [13] 

 Mg65Cu7.5Ni7.5Zn5Ag5Y5 

Gd5 

14 Copper mold 

casting 

2005 [14] 

Fe-

based 

Fe48Cr15Mo14Er2C15B6 12 Copper mold 

casting 

2004 [15] 

 (Fe44.3Cr5Co5Mo12.8Mn11.2 

C15.8B5.9)98.5Y1.5 

12 Copper mold 

casting 

2004 [16] 

 Fe41Co7Cr15Mo14C15B6Y2 16 Copper mold 

casting 

2005 [18] 

Co-

based 

Co48Cr15Mo14C15B6Er2 10 Copper mold 

casting 

2006 [17] 

Ti-

based 

Ti40Zr25Cu12Ni3Be20 14 Copper mold 

casting 

2005 [19] 

Ca-

based 

Ca65Mg15Zn20 15 Copper mold 

casting 

2004 [20] 

Pt-

based 

Pt42.5Cu27Ni9.5P21 20 Water quenching 2004 [21] 
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Due to the unique structure of metallic glasses, they exhibit very 

different properties such as high strength, high corrosion resistance and 

excellent soft magnetism, which made them promising materials for future 

structural, chemical and magnetic application. Among these properties, the 

mechanical properties of BMGs have received enormous attention in the past 

decade [23-25]. For example, metallic glasses exhibit unique mechanical 

properties, such as high strength, high elastic limit (about 2%), and high 

hardness.  

It was reported by Inoue’s group that the fracture strengths of Co-Fe-Ta-

B [26] and Co-Fe-Ta-B-Mo [27]  reach to 5.2 GPa and 5.5 GPa, respectively, 

approaching the theoretical limit. The high elastic limit enables BMGs to store 

large elastic energy and be applied in sports equipment, such as golf club 

heads, baseball bats, tennis racquets, bicycle parts, fishing equipment and 

marine applications [28]. The high strength and hardness also make it 

possible for these materials to be employed in medical surgery and aerospace 

coatings. Considering the rapid development of fundamental and applied 

research on metallic glasses, it is expected that these materials will become 

more significant in the near future. The possible application field for BMGs 

are summarized in Table 1.2 [29]. 
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Table 1.2 Application fields that currently have been proceeded for 

BMGs, adapted from [29]. 

1.Structural 

2.Sensor 

3.Precision machinery 

4.Optical 

5.Ornamental 

6.Spring 

7.Sporting goods 

8.Wear-resistant coating 

9.Precison nozzle 

10.Corrosion-resistant 

11.Magnetic 

12.Micro-technology 

13.Nano-technology 

14.Information data storage 

15.Biomedical 

16.Medical instrument 

17.Fuel-cell separator 

Advantages: net-shape processing, viscous flow forming 

processing. 
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1.2  Deformation mechanisms of BMGs 

 

1.2.1 Deformation map 

 

Deformation maps, which was firstly introduced by Ashby in 1972, were 

maps which display the field of stress and temperature in which a particular 

mechanism of plastic flow is dominant [30]. A point on the map then 

identifies the dominant mechanism and indicates the resulting strain-rate. 

This concept of deformation map was firstly introduced to metallic glasses by 

Spaepen in 1977 [31]. Based on his free volume model, Spaepen proposed that 

there are two modes of deformation for BMGs depending on strain rate, 

applied shear stress and temperature (Figure 1.2).  

The first mode is homogeneous deformation, in which bulk metallic glass 

deforms at relatively high temperature (in or near the supercooled liquid 

regime) and low strain rate, and each element of bulk metallic glass is able to 

contribute to the deformation. The homogenous flow of metallic glass is 

intimately related to shape-forming applications [32-41], and for this reason it 

has been investigated extensively. Homogeneous flow was also observed to 

occur below glass transition temperature at high strain rate. By conducting 

nanoindentation experiment over different strain rate and a wide range of 
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temperature, Schuh et al. [42] demonstrated that homogeneous deformation 

of metallic glass can occur even below glass transition temperature when 

defomation rates exceed the characteristic rate for shear band nucleation. 

 

Figure 1.2 Schematic deformation map for an amorphous metal 

illustrating the temperature and stress regions for homogeneous 

and inhomogeneous plastic flow, adapted from [31]. 

 

The second mode is inhomogeneous deformation, in which bulk metallic 

glass deforms at relatively low temperature (≤0.7Tg) and high strain rate. 

Deformation occurs in localization processes, in which highly localized, 

discrete, and thin shear bands are formed, leaving the rest of the material 

plastically undeformed. Upon yielding, metallic glasses often show serretated 

plastic flow without work hardening, tending to exhibit work softening which 
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leads to shear localization. The deformation map was later revisited by Argon 

[43, 44]. Recently, Lu [45] and Schuh [42] updated this map in terms of bulk 

metallic glass instead of amorphous ribbons. 

While homogeneous deformation can be well described by rheological 

models that average the operation of many local atomic-scale events, the 

process of inhomogeneous deformation of metallic glasses is still lack of in-

depth understanding. However, the inhomogeneous deformation of shear 

bands has important practical consequences for the strength, ductility, 

toughness and eventual application of metallic glasses.  

 

1.2.2 Deformation models 

 

Although extensive studies have been carried out on the macroscopic 

mechanical behavior of BMGs, a deep understanding on the microscopic 

deformation mechanism in these amorphous metals is still far from 

comprehensive. It is generally accepted that upon yielding, shear localization 

occur and lead to a sharp viscosity drop within shear bands. However, it is 

still under debate as to why the viscosity within shear bands drops. There are 

two major hypotheses to account for shear localization or strain softening. 

One hypothesis is that during plastic deformation, stress induced dilatation 
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(volume expansion) causes the density decreases within shear bands and thus 

minimizes their resistance to deformation. The other hypothesis is that 

temperature rise (thermal expansion) takes place during plastic deformation, 

and the temperature rise is beyond the glass transition temperature or even 

beyond the melting point, and thus decreasing the viscosity by several orders 

of magnitude. The two most acknowledged deformation mechanisms based 

on volume expansion hypothesis for BMGs are the ‘free volume’ model [31, 46, 

47]and the ‘shear transformation zone’ (STZ) model [43, 48, 49], as illustrated 

with the two-dimensional schematics in Figure 1.3 (a) and (b), respectively. 

Another model based on the thermal expansion hypothesis is heat evolution 

model [50-52]. All these three models will be reviewed in next section. 

 

1.2.2.1 Free volume model 

 

The concept of ‘free volume’, which refers to the fraction of matter having 

a lower atomic coordination than that in a reference material having a dense 

random packing, was firstly introduced to amorphous metals by Cohen and 

Turnbull in 1959 [46]. The initial free volume in metallic glass is fixed when 

the super cooled liquid solidifies at the glass transition temperature. Such 

concept was subsequently adopted by Spapen [31], and a ‘free volume’ model 

to describe the deformation mechanism for metallic glasses was proposed. 
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Spapen considered that the deformation process for metallic glasses is a 

competition between two processes: creation of free volume by the applied 

shear stress and annihilation of extra free volume by structural rearrangement. 

At a sufficiently high stress, an atom with hard sphere volume can overcome 

the energy barrier and be squeezed into its neighbor with a small volume, 

creating a certain amount of extra volume, as shown in Figure 1.3 (a). 

Competing with this is a relaxation process, which tends to annihilate the 

excess free volume and restore the system to its initial structural state by 

series of diffusional atomic jumps. 

 

Figure 1.3 Two-dimensional schematics of the atomistic 

deformation mechanisms proposed for amorphous metals (a) free 

volume model (b) shear transformation zone model, reproduced 

from [53]. 
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Based on this model, the homogeneous deformation behavior [45, 54, 55] 

and some aspects of the inhomogeneous deformation behavior [56-59] in 

BMG can be explained. However, one should be cautious to use this model as 

it does not describe the exact motion and rearrangement of constitute atoms 

within shear bands. In addition, series of recent studies, including computer 

simulations, creep test and high temperature nano-indentation test [60-64], 

have shown that the deformation process of metallic glasses involves a 

collective motion of a cluster of atoms rather than a single atomic jump. 

 

1.2.2.2 Shear transformation zone (STZ) model 

 

Based on an atomic-analog bubble-raft model, Argon and Kuo [48] 

proposed a ‘shear transformation zone’ model to explain the deformation 

mechanism in metallic glasses. The shear transformation zone is essentially a 

local cluster of atoms that undergoes an inelastic shear distortion from one 

relatively low energy configuration to a second such configuration, crossing 

an activated configuration of higher energy and volume. Unlike Spapen’s free 

volume model which attributes the plastic flow to a single atomic jump, STZ 

model considers a cluster of localized atoms as the plastic flow unit. Upon 

loading, such STZs can spontaneously flow along the activation path and 

accommodate strain, resulting in local softening at ambient temperature. The 
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STZ model has also been successfully applied to explain the steady state 

deformation behavior of BMGs [65, 66]. 

Since the original analog model of Argon et al. [43, 48, 67], more 

sophisticated computer models have been developed to study glass 

deformation in both two and three dimensions [49, 61, 68-71]. These results 

suggest that STZs are common to deformation of all amorphous metals, 

although details of the structure, size and energy scales of STZs may vary 

from one glass to the next.  

The major difference for these two models is the fundamental unit event 

to accommodate the shear strain: in STZ model it is a collective motion of a 

cluster of atoms whereas in free volume model it is a more highly localized 

atomic jump. Although differences between the ‘free-volume’ model and 

‘STZs’ model, these two models share many common features on the atomic 

level, which are very important to understand the macroscopic deformation 

behavior of metallic glasses: (1) both mechanisms consist of  a two-step 

system; forward jumps or STZ operations compete with backward ones, 

which can occur simultaneously at the same spatial positions. (2) both 

mechanism are thermally activated and exhibit similar energy scales. (3) both 

mechanisms are dilatational. 
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1.2.2.3 Heat evolution 

 

There has been considerable debate as to whether viscosity drop within 

shear bands is due to shear induced disordering (dilatation) or to thermal 

effects. Principally different from the ‘free volume’ model and ‘shear 

transformation zone’ model, the heat evolution model consider that almost all 

of the work done on the sample in , plastic deformation for metallic glasses is 

dissipated as heat. If the deformation is heavily concentrated in a few bands, 

one can expect a substantial increase in temperature (as high as glass 

transition temperature or even melting temperature) and a corresponding 

drop in viscosity. 

It was firstly proposed by Leamy and co-workers [50] that the shear 

banding events are essentially adiabatic phenomena, but was quickly doubted 

by other researcher [72] on the grounds that rapid thermal conduction may 

limit the temperature rise in a thin shear band. One approach to prove 

confirmative evidence on the temperature rise is to measure the temperature 

directly inside a shear band. However, as the shear bands are thin, move fast 

and are short-lived, it is very challenged to measure this temperature rise 

directly. Although infrared measurements clearly show temperature rises, the 

poor spatial and temporal resolution would not determine the temperature 

evolution in the band. 
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Recently, Lewandowski and Greer [73] invented a smart and simple way 

to improve the resolution. They coated a Zr-based bulk metallic glass sample 

with a thin layer of tin, and found that after deformation, the tin near the 

shear bands had beaded up as it had melted. Their method has 

unprecedented resolution: 30 ps (the thermal diffusion time through the 

coating) and 100 nm (the scale of the bead pattern), respectively. It allows 

them to estimate the temperature rise, which, depending on the duration of 

the shear, may be several thousand degrees. By making a lower estimation on 

the shear band propagation time, Lewandowski and Greer further illustrate 

that the shear bands cannot be fully adiabatic. 

 

1.3 Mechanical behavior of BMGs at room temperature 

 

1.3.1 Yield criteria 

 

The deformation and fracture behavior of several structural materials, 

such as metals, ceramics, concrete, rocks, etc, have been studied for more than 

200 years, and many theories and criteria have been proposed and developed. 

For example, for polycrystalline metals, the fundamental carrier of plastic 

deformation is the motion of an individual dislocation. Slip deformation can 
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proceed only on some low index crystallographic planes, such as ﹛111﹜

planes in fcc metals or ﹛0001﹜planes in hcp metals. Two well-known criteria 

that are commonly used are those of Tresca and von Mises, the  latter of 

which matches well with experiment data for a variety of metals and alloys 

[74]. An important characteristic of these yield criteria is their symmetry, 

predicting the same value of yield stress either in tension or compression. 

However, several studies have shown that MGs exhibit asymmetric yield 

behavior [75, 76], and suggested that MGs have fundamentally different 

deformation mechanism compared with polycrystalline metals.  

 

Figure 1.4 Comparison of typical fracture surfaces of 

Zr59Cu20Al10Ni8Ti3 metallic glassy specimens induced by a) 

compressive loading and b) tensile loading, adapted from [75]. 

 

For example, it was demonstrated by Zhang et al. that the yield stress in 

compression is higher than that observed in tension for the same Zr-based 

BMG samples [75]. Meanwhile, the main feature of the fracture morphology 

for compressive samples is ‘vein pattern’, whereas those for the tensile 

samples are cores and radiating vein like patterns (seen in Figure 1.4). In 

a) b)



1. Introduction 

17 

addition, the fracture angle with respect to the load direction is different 

between tension and compression. Many investigations have shown that the 

compressive fracture angle (denoted as θC) is smaller than 45° [77-81], while 

the tensile fracture angle (denoted as θT) is lager than 45° [44, 52, 65, 75, 77, 81-

91], covering several different alloy systems such as Zr-, Cu-,Ti-, Fe-, Co-, La-, 

Al-, Ni-, Pd-based alloys.  

The Mohr-Coulomb criterion was proposed in 1773, and it has been 

suggested as an alternative form that the shear failure depends not only on 

the shear stress, but also on the normal stress: 

τ  τ  ασ                                                                                                   (1.1) 

Where τ  is the effective shear stress at which yielding occurs, τ  is a constant, 

α is a system-specific coefficient that controls the strength of the normal stress 

effect, and σ  is the applied stress normal to the shear plane. The Mohr-

Coulomb criterion was originally proposed for granular materials, but may 

also apply to amorphous metals as the relative motion of randomly packed 

atoms in a metallic glass is comparable to that of randomly packed particles in 

a granular solid. Using a fundamental model of shear atomic shuffles, Schuh 

and Lund [92] found that simulated amorphous metals plastically yield in a 

manner consistent with the Mohr-Coulomb criterion. The result agrees well 

with another simulation work [93] and a variety of independent experimental 

data [79, 94]. They also proposed that future studies on MGs should be 
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conducted within the frame work of such a pressure- or normal stress-

dependent yield criterion, and indicated that MGs are uniformly weaker in 

tension than they are in compression. 

 

1.3.2 Plasticity 

 

In the absence of structural defects such as dislocations and grain 

boundaries in crystalline materials, bulk metallic glasses (BMGs) exhibit 

unique mechanical properties, such as high strength and high elastic strain 

(about 2%). Therefore, BMGs are promising materials for engineering 

applications. However, due to the lack of macroscopic plasticity, the 

application of BMGs as structural materials is hindered. Generally speaking, 

plastic strain in metallic glasses is accommodated by highly localized narrow 

bands (~10 nm in thickness) [95], which are named shear bands. Once shear 

bands are operated under applied shear stress, a sharp drop in viscosity in 

these bands occurs, resulting in catastrophic failure without any considerable 

macroscopic plasticity. 

During the past decade, extensive studies have been conducted on the 

improvement of plasticity for BMGs under compression. Schroers and 

Johnson [96] reported that 20% plasticity was achieved in a Pt-based BMG 
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under compression, and they correlated the extraordinary room temperature 

plasticity with a high value of Poisson ratio (ν=0.41). Starting from a 

Zr65Cu15Ni10Al10 metallic glass and subsequently maximizing Poisson ratio, 

Liu et al. [97] found a series of BMGs can sustain large compressive strain 

without fracture. Recently, several studies have reported that plasticity can be 

affected by extrinsic factors (sample geometry, confinement, and machine 

stiffness). For example, it was reported by Han et al. [98] that the stiffness of a 

testing machine can influence the stability of shear bands and further the 

plastic deformation of BMGs. A parameter called shear band instability index 

(SBI), which is proportional to sample size and inversely proportional to 

machine stiffness, was proposed to govern the plastic deformation. 

However, characterization on mechanical properties of BMGs by 

compression may suffer from two major drawbacks. The first major drawback 

associated with compression test is the small dimension of specimen that is 

compressed between the two parallel platens. The friction and stress non-

uniformity caused by the nonparallel surface between the specimen and the 

platens can significantly change the stress–strain response, resulting in 

artificial compressive plasticity. In addition, the influence of constraint, 

sample alignment, lubrication, sample size, sample aspect ratio and the 

stiffness of the testing machine can significantly affect the plasticity of 

BMGs[59, 98-103].  The other major drawback is the asymmetrical mechanical 
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response of BMGs under tension and compression.  Although significant 

enhancement on the plasticity under compression is revealed, negligible 

ductility (less than 0.5 %) is exhibited for BMGs under tension. This is most 

likely because both mode I (tensile mode) and mode II (shear mode) 

instability have been created in tension, whereas only mode I instability is 

produced in compression. Therefore, compressive plasticity may magnify the 

performance of BMGs under loading bearing condition, which is extremely 

dangerous for engineering applications. It is highly desired to enhance the 

ductility of BMGs under tensile condition. 

Fortunately, several works have been carried out on improving tensile 

ductility of metallic glasses at small scales. For example, Guo et al. [104] 

reported large tensile ductility as high as 45 % of a monolithic metallic glass, 

with dimension of the order of 100 nm. The small samples were prepared by 

focused ion beam (FIB) micromachining technique, and subsequently tested 

during the in situ TEM experiment. The results clearly illustrated that 

homogeneous deformation or even necking can occur in small size metallic 

glasses (as seen in Figure 1.5). This behavior is similar to that of their 

crystalline counterparts.  Similarly, superelongation behavior was observed in 

a Al90Fe5Ce5 metallic glass when the dimension was smaller than 20 nm [105]. 

Remarkably, a superelongation up to 200 % was found, and even an atomic 

chain was formed after necking. These observations strongly suggest ‘size 
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effect’ in the mechanical properties of metallic glasses, i.e., small volume 

metallic glasses can deform via homogeneous or inhomogeneous flow 

without catastrophic failure. 

 

Figure 1.5 TEM bright-field images of in situ tested Zr-based 

monolithic MG samples with a gauge dimension of about 

100×100×250 nm3, showing a) necking, and b) stable shear, adapted 

from [104].  

 

Besides achieving tensile ductility at small scales, another common 

approach of improving the tensile ductility is to introduce a second phase into 

the glass matrix to form bulk metallic glass matrix composites (BMGMCs) [22, 

65, 106-115]. Recently, Hofmann et al. [115] reported a ‘designed composites’ 

by matching fundamental mechanical and microstructural length scale. These 

titanium-zirconium-based BMG composites exhibit tensile ductility up to 

10 %, yield strengths of 1.2-1.5 GPa, K1C as high as 170 MPa m1/2, and fracture 

energies for crack propagation to G1C=340 KJ m-2. The stress-strain curve and 

fracture morphology of the BMG composite is shown in Figure 1.6 and Figure 

a) b)
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1.7, respectively. These extraordinary properties put BMG composites among 

the toughest known materials in an ‘Ashby plot’.  

 

Figure 1.6 SEM micrographs showing the microstructure of the 

BMG matrix composites labeled as a) DH1 and b) DH3 where the 

dark contrast is from the glass matrix and the light contrast is from 

the dendrites. c) The corresponding tensile engineering stress-strain 

curves of composites DH1 and DH3, together with the curves of 

another composite DH2 and a monolithic BMG (Vitreloy 1), 

adapted from [115].  

 

 
 

Figure 1.7 a) The SEM micrograph of necking in 

Zr39.6Ti33.9Nb7.6Cu6.4Be12.5 BMG matrix composites, and b) Brittle 

fracture representative of all monolithic BMGs, adapted from [115].  

a) b)
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Very recently, a BMG composite with work hardening capability was 

reported by Wu et al. [116]. Unlike the conventional BMGs or BMGMCs 

which are strain-softening during deformation, this new BMG composite 

exhibits large tensile ductility up to 7% with significant strain hardening 

ability (as shown in Figure 1.8). The authors attributed the hardening 

mechanism of this composite to the martensitic transformation of the 

crystalline phase during tensile deformation. 

 

Figure 1.8 Engineering tensile stress–strain curves of the BMG 

composites. Dashed lines indicate the unloading process. Top inset 

shows the outer appearance of the tensile samples pre-strained at 

the different stages and the lower inset shows the true tensile 

stress–strain curves, indicating a significant strain-hardening 

behavior, adapted from [116]. 
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Although continuous progress has been made on the compressive/tensile 

plasticity, there is only limited work on tensile ductility of monolithic bulk 

metallic glasses. Therefore, it is of crucial importance for studying mechanical 

behavior of BMGs under tension, both for a better understanding of the 

fundamental plastic mechanism and for supporting the application of BMGs 

as practical engineering materials. 

 

1.3.3 Mechanical behavior under confinement condition 

 

Most Engineering applications require a minimum level of damage 

tolerance (plasticity, toughness) under complicated loading conditions. As 

such, it is also important to study the mechanical behavior of BMGs under 

confinement condition. Several studies have shown that compressive 

plasticity can be enhanced under confinement condition [103, 117, 118].  

For example, Bei et al. [103] demonstrated that compressive strain as high 

as 80% was obtained by reducing the aspect ratio of the testing sample. The 

researchers also reported a strain-induced softening phenomenon in contrast 

with a strain hardening as in crystalline metals. Profuse shear banding was 

observed and shear-induced local dilatation may be the source of the 

deformation-induced softening. The hardness as a function of plastic strain 
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can be seen in Figure 1.9. The hardness profile shows a clear decreasing trend 

as the plastic strain increasing. It is also reported by Han et al. [98] that the 

compressive plasticity can be enhanced for the sample with aspect ratio 1:1 by 

controlling the stiffness of the testing machine. Up to date, however, there is 

no report on the enhancement of tensile ductility for BMGs under 

confinement condition. 

 

Figure 1.9 Decrease in hardness (nanoindentation and Vickers at 

two different loads) with increasing plastic strain, adapted from 

[103]. 
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1.4 Objective and outline of this thesis 

 

Despite abundant work has been carried out on the mechanical behavior 

of BMGs under compression [53], there is limited work on the tensile behavior 

of monolithic bulk metallic glasses. In addition, characterization on 

mechanical properties of BMGs by compression may exaggerate the 

performance of BMGs under loading bearing condition due to the 

asymmetrical mechanical response of BMGs under tension and compression. 

Thus, there is a compelling demand for research studying the mechanical 

behavior of BMGs under tension, both for a better understanding of the 

fundamental mechanism and for supporting the application of BMGs as 

practical engineering materials. 

The objective of this thesis is to explore the mechanical behavior of BMGs 

with a variety of sample geometries under tensile confinement condition, 

providing in-depth understandings on the strength, ductility and fracture of 

metallic glasses. It was revealed that BMGs exhibit radically different 

mechanical behavior under tensile confinement condition as compared to that 

of uniaxial tensile condition. These findings provide insightful understanding 

on the fundamental deformation mechanisms of BMGs, and may pave the 

way for their engineering applications.  
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There are totally six chapters in this thesis.  

In Chapter 1 (this chapter), the background knowledge associated with 

metallic glass was firstly introduced. Subsequently, the progress on 

mechanical behavior of BMGs achieved so far was briefly reviewed. Finally, 

the objective and outline of this thesis was presented herein. 

In Chapter 2, the alloy preparation, structure characterization, thermal 

and mechanical testing methods are presented. In Chapter 3, the plastic 

deformaiton behavior of BMGs under tensile confinement condition is 

studied. It is revealed that large tensile ductility and homogeneous 

deformaiton can be achieved. The mechanism for room temperature 

homogeneous flow is also discussed.  

In Chapter 4, the strength and fracture of BMGs under tensile 

confinement is systematically investigated. It is revealed that the tensile 

strength is approaching the theoretical strength, placing BMGs among the 

strongest materials known so far. The fracture morphology for BMGs under 

tensile confinement condition is also discussed. 

In Chapter 5, tensile stress induced strain hardening and densification 

are studied. For the first time, a ‘straining hardening’ phenomenon for bulk 

metallic glass is discovered. The mechanism of this phenomenon is attributed 

to the desificaiton of structure during plastic deformation. In Chapter 6, the 
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results of this thesis are summarized and the topics for future research are 

suggested. 
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Chapter 2  

 

2 Experimental Procedures 

 

2.1 Alloy preparation 

 

The alloy with a nominal composition of Zr64.13Cu15.75Ni10.12Al10 was 

selected for the study of this thesis. This alloy was reported to have a good 

glass forming ability up to 5 mm in cylindrical rod, and high compressive 

plasticity at ambient temperature [97]. The ingot was prepared by arc-melting 

mixtures of high purity metals in a Ti-gettered high-purity argon atmosphere. 

Each ingot was remelted at least five times to ensure the chemical 

homogeneity of the alloy. The rods with diameters larger than 4 mm were 

prepared by directly casting the melt into water-cooled copper mold (4 mm or 

5mm in diameter, 75 mm in length). The rods with diameters smaller than 4 
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mm were prepared by remelt the ingot in a small arc-melter and cast the melt 

into rods by water-cooled copper mold (1mm, 2mm, or 3mm in diameter, 30 

mm in length) suction casting. 

 

 

Figure 2.1 Optical image of the arc-melting furnace with a 

cylindrical copper mold of 5 mm in diameter. 

 

2.2 Structure characterization 

 

To characterize the amorphous nature of the alloy, the longitudinal cross-

section of the rods was examined by X-ray diffraction (XRD) employing a 

Bruker AXS (D8 ADVANCE) instrument with Cu-Kα radiation at 40 KV. 

Differential scanning calorimetry (DSC, 2920 TA instruments) experiment was 
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taken at a heating rate of 0.33 Ks-1 to measure the thermal properties of the as-

cast and deformed samples. Figure 2.2 shows the XRD pattern of a as-cast 5 

mm rod sample. No crystalline peak is found, confirming the amorphous 

nature at the XRD resolution. Clear glass transition and sharp crystallization 

events are observed in the DSC trace as shown in Figure 2.3, further 

confirming the alloy is fully amorphous.  

 

Figure 2.2 XRD pattern of the as-cast Zr64.13Cu15.75Ni10.12Al10 rod with 

a diameter of 5 mm.  
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Figure 2.3 DSC trace of the as-cast Zr64.13Cu15.75Ni10.12Al10 rod with a 

diameter of 5 mm., showing the glass transition temperature (Tg) 

and onset of crystallization temperature (Tx). 

 

The morphology of the sample was examined by scanning electron 

microscopy (SEM, Philips XL30 FEG instruments). To further study the 

structure of the alloy, transmition electron microscopy (TEM, JEM, 2010F) 

with an accelerating of 100 KV was utilized. The TEM samples was firstly 

polished to the thickness about 20 μm by sandpaper, and subsequently 

thinned by ion milling. To avoid the artifact induced by ion milling [119-122], 

the ion beam energy was set to be 3.5 KeV and a glazing angle of 8°, 

respectively. Samples were finally cleaned at a lower angle of 4° for 5 minutes. 

Bright field (BF) and dark field (DF) images as well as selected-area electron 
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diffraction patterns (SADP) were taken to examine the amorphous nature of 

the samples. 

 

2.3 Thermal testing 

 

Low temperature annealing, also known as structural relaxation was 

carried out to take the quenched glass approaching the equilibrium glassy 

state by annihilation of the excess free volume. To avoid any possible 

crystallization, the annealing treatments were conducted for 30 min at 

temperature of 473K, 523K and 573 K, respectively (which are all lower than 

their glass transition temperatures, Tg). To prevent oxidation, the annealing 

was performed in a furnace after placing the samples inside a vacuum-sealed 

silicate tube. The thermal properties were measured by differential scanning 

calorimetry (DSC) at a heating rate of 0.33 Ks-1. 

2.4 Mechanical testing 

 

2.4.1 Uniaxial compression 
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Uniaxial compression testing was performed at room temperature with a 

constant strain rate of 10-4 s-1, using the LLOYD (model EZ50) universal 

materials testing machine. The compression specimens were first sectioned 

from the cast rods using a Struers diamond cutter, followed by a grinding 

process with a customized specimen jig to carefully grind the sample into 

‚orthogonal‛ shape. This sample preparation process not only ensures 

parallelism of two ends of the specimen, but also guarantees that the ends 

were exactly perpendicular to the longitudinal axis of the specimen. This 

process is extremely important to the mechanical tests of BMG samples as 

described in Ref. [123]. The compression samples were sandwiched between 

two WC (tungsten carbide) bearing blocks and their ends were lubricated by 

Black MOLY (molybdenum disulfide in premium grease). Each sample was 

carefully centered on the loading axis to ensure uniaxial loading, and true 

applied strains were calculated from the crosshead displacement after 

correction for machine stiffness. The machine stiffness was determined by 

compressing the two WC bearing blocks without sample centering in. 

2.4.2 Tensile testing 

 

The tensile confinement condition was created by fabricating the tensile 

samples into various geometries with a customer designed machine. In this 
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thesis, four series of tensile confinement samples were studied. In series one, 

the bars were processed into circumferentially notched round samples with a 

notch angle (α) of 120°, 90° and 45°, respectively. In series two, the slit 

notched samples were altered by changing their aspect ratios. In series three, 

the rectangularly-notched bar samples were fabricated with width 1.6 mm 

and height 0.5 mm. In series four, a 5 mm rod with a Bridgman notch with 

aspect ratio of 0.19 was used. The detailed geometries and dimensions for the 

various confined tensile samples were illustrated in Figure 2.4.  

Before tensile test, the samples were initially polished by sand paper and 

followed by fine polishing with Al2O3 suspension. The tensile samples were 

then clamped at the ends and attached to the load frame. Tensile tests were 

carried out using an electro-servo-hydraulic system (Instron 8521 machine) 

with a maximum load of 100 KN at a cross head speed of 0.02 mm/min, 

corresponding to a constant engineering strain rate of 10-4 s-1. To measure the 

elongation of the notch, an extensometer was attached across the notch and 

the elongation was monitored. The force-extension raw data was recorded to 

calculate the strss-strain curve. 
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Figure 2.4 Schematic illustration of the confined tensile bars used in 

this study: a) circumferentially-notched round samples with a notch 

angle α of 120°, 90° and 45°, respectively, b) slit-notched samples 

with aspect ratios (a/ρ) of 2, 1 and 0.5, respectively, c) rectangularly-

notched samples with width 2.0 mm and height 0.5 mm, d) a 5 mm 

rod with a fixed aspect ratio of 0.19 (a=2.6 mm, ρ=0.5 mm). 

 

 

2.4.3 Micro-hardness testing 

 

A mirohardness tester (Buehler, miromet 2103) with a pyramid indenter 

was used for micohardness measurement. The samples for mircoharndness 
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measurement were prepared by polishing the longitudinal cross-section of the 

cylindrical shaped sample with sandpaper, followed by fine polishing with 

Al2O3 suspension. Mirohardness measurement was made along the middle 

line of the sample with a maximum load of 50 g and a dwell time of 10 s. The 

Vikers hardness was calculated from the length of the indentation diagonal 

measured by an optical microscope of 100 magnification. 
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Chapter 3  

 

3 Achieving tensile ductility of BMGs at 

room temperature 

 

3.1 Introduction 

 

Bulk metallic glasses (BMGs) are superior to their crystalline counterparts 

as they exhibit an extraordinary combination of high strength and high elastic 

limit, and considered to be a promising engineering material [4, 23, 29]. 

However, the Achilles heel of BMGs is that they lack of plasticity at room 

temperature. It is generally believed that strain highly localized in a narrow 

shear band during deformation, and catastrophic fracture occurs along one 

dominant shear band without macroscopic plasticity. 
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Progresses have been made over the past years to improve plasticity of 

BMGs at room temperature [53]. Different explanations have been given for 

reasons contributing to the plasticity of BMGs, such as large Poisson ratio ν 

[96, 124, 125], nanocrystallization during deformation [126, 127], phase 

separation [128-132] and geometries of the testing specimen [103]. For 

example, Schroers and Johnson [96] purposed that a Pt-based BMG exhibit 

large compressive plasticity as a consequence of large Poisson ratio (ν=0.41), 

which blocks the cracks nucleation and propagation. On the other hand, Bei et 

al. [103] reported that large compressive plasticity can be achieved when 

reducing the aspect ratio of the specimen by formation of multiple, 

intersecting shear bands.  

However, without exception, BMGs exhibit negligible macroscopic 

tensile ductility at room temperature. For example, Yokoyama et al. [133] 

demonstrated that a hypoeutectic Zr-Ni-Cu-Al BMG shows a tensile ductility 

of about 1.7% at room temperature. They attributed the tensile ductility to the 

modifications of glass structure with increase in the number of Zr-Zr atomic 

pairs in the hypoeutectic composition. On the other hand, some researchers 

have shown that tensile ductility can be achieved in small samples (sub-

micrometer scale) [104, 134-136]. These small samples show a transition of 

reduced shear banding propensity to increased homogeneous flow. There is 

still intense debate as to why small samples show this transition from 
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localization of shear banding to homogeneous deformation without formation 

of shear bands. Up to date, the report on the enhancement of tensile ductility 

for BMGs is yet available. 

For BMGs under tension, the specimen fails along one dominant single 

shear plane. The resolved normal stress σ and shear stress τ on the shear 

plane of angle θ can be expressed as, 

σ  
 

 
   θ    θ                                                                                                       (3.1) 

τ  
 

 
   θ    θ                                                                                                       (3.2) 

where P is the applied load, A is the cross sectional area, θ is the angle with 

respect to the loading direction. Figure 3.1 shows the variation of shear stress 

with the angle between shear plane and stress axis. It can be seen that when 

θ=45°, the shear stress reaches its maximum and shear banding on the plane 

becomes catastrophic and fracture occurs along this plane.. This is the most 

possible explanation that why most BMGs preferentially fracture along 45° 

shear plane [52, 137]. Although the resolved normal stress also plays a role in 

the fracture process [138], the key factor that governs the failure is commonly 

believed to be shear stress. The shear stress decreases when θ deviates from 

45°. When the resolved shear stress on shear plane A1 (indicated in Figure 3.1) 
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reaches τc (the critical shear stress, which is a material constant depending on 

the alloy system), the resolved shear stress on shear plane A2 (indicated in 

Figure 3.1) is smaller than the critical value.  

 

 

Figure 3.1 Variation of shear stress with the angle between shear 

plane and stress axis. The inset shows the resolved tensile stress σ 

and shear stress τ in the shear plane of angle θ. 

 

Based on the above analysis and equations (3.1) and (3.2), one could 

expect that if the area of the shear plane of the tensile specimen can be 

properly controlled (for example, decreasing A2), the resolved shear stress on 

specific plane will be lower than the critical shear stress whereas the tensile 
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stress will be dominant. As such, shear banding instability in tension may be 

suppressed or delayed, and it would be very interesting to see how BMG 

behaves at room temperature without shear banding. In this chapter, through 

designing of various tensile confinement specimens, we show that large 

tensile ductility can be achieved at room temperature. The possible reason for 

room temperature ductility of BMGs is also presented. 

 

3.2 Results 

 

3.2.1 Deformation behavior of circumferentially-notched 

samples 

 

Figure 3.2 shows the optical image of the fabricated circumferentially-

notched samples with angles of 120°, 90° and 45°, respectively. These samples 

were fabricated from 4 mm rods, which were produced by chilly cast 

technique as described in Chapter 2. The minimum part of each 

circumferentially-notched sample is about 1 mm in diameter, and is carefully 

calibrated by SEM before tensile test. The corresponding SEM morphologies 

of these circumferentially-notched samples are shown in Figure 3.3.  
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Figure 3.2 Optical image (OM) of the circumferentially-notched 

samples with angles of 120°, 90° and 45°, respectively. 

 

 

Figure 3.3 SEM images of the circumferentially-notched samples 

with angles of 120°, 90° and 45°, respectively. 
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Figure 3.4 shows the nominal tensile strss-extension curves for 

circumferentially-notched samples, with notch angles of 120°, 90° and 45°, 

respectively. The nominal stress is defined as the load divided by the 

minimum area of the circumferentially-notched specimen. The notched 

samples exhibit a plastic extension, followed by a maximum load and finally 

fracture. There are several important features for the net stress-extension 

curves need to be emphasized herein.  

 

Figure 3.4 Nominal tensile stress-extension curves for 

circumferentially-notched Zr64.13Cu15.75Ni10.12Al10 BMG, with notch 

angles of 120°, 90° and 45°, respectively. 
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Firstly, both the general yielding stress and the maximum tensile stress 

show an increasing trend as the notch angle decreases. The general yielding 

stresses for samples with notch angles of 120°, 90° and 45° are 1.9 GPa, 2.1 

GPa and 2.4 GPa, respectively. The maximum tensile stresses for samples 

with notch angles of 120°, 90° and 45° are approximately 3.3 GPa, 3.4 GPa and 

3.5 GPa, respectively. Secondly, the tendency of serrated flow shows a 

decreasing trend as the notch angle decreases. It is commonly known that the 

plastic flow carrier in BMGs is shear band. Upon yielding, shear band is 

initiated and corresponds to one ‘serrated flow’ in the stress-strain curves. For 

the nominal tensile stress-extension curves of samples with notch angles of 

120° and 90°, numerous serrated flows are found after maximum stress. 

However, there is negligible serrated flow for the sample of 45° notch. 

Therefore, it strongly indicates that shear banding can be controlled by 

changing the geometry of the tensile samples. Finally, all the nominal tensile 

stress-extension curves exhibit a strain hardening behavior after general 

yielding, which is quite different as compared with unconfined samples 

exhibiting strain softening behavior. This ‘strain hardening’ behavior will be 

discussed in Chapter 5. 
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Figure 3.5 SEM image showing the side view of a 120° notched 

sample after fracture, with multiple shear bands on the surface. 

 

Figure 3.5 shows the side view of a 120° notched sample after fracture. 

Profuse shear bands are found not only in the confined part (minimum area) 

of the sample, but also found out of the confined part of the sample, 

intersecting with each other. The angle of shear band in the confined part is 

only about 20° due to the effect of confinement, while the angle of shear band 

outside the confined part is about 40° which is comparable to that of notch 

free specimen in tensile test. Therefore, the circumferentially-notched sample 

with a notch angle of 120° cannot constrain all the shear bands within the 

confined region. 
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The SEM images of a circumferentially-notched sample with a notch 

angle of 90° before fracture are shown in Figure 3.6.  

 

Figure 3.6 SEM images of a circumferentially-notched sample with 

a notch angle of 90° before fracture. The higher magnification of A 

and B in a) are shown in b) and c), respectively. 

 

Unlike the surface morphology of a 120° notched specimen where 

profuse shear bands are found both in and outside the confined region, shear 

bands of the 90° notched sample are mostly concentrated in the confined 

region. Only tiny shear bands are detected outside the confined region, as 

shown in Figure 3.6 b). As shown in Figure 3.6 c), some of the main shear 

bands located in the center of the confined region are nearly normal to the 

loading direction , while the secondary shear bands are approximately 45° 
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with respect to the main bands. Furthermore, several shear-band nuclei, 

intersecting with the main shear bands and secondary shear bands, are also 

found. Based on these observations, it can be seen that the effect of 

confinement on shear banding process is enhanced by decreasing notch angle. 

The SEM images of a circumferentially-notched sample with a notch 

angle of 45° before fracture are shown in Figure 3.7. As the notch angle 

decreasing to 45°, shear bands on the surface of notched sample is very 

limited. Compared with the shear bands on the surface of 120° and 90° 

notched samples, only shear steps and tiny shear bands can be observed, as 

shown in Figure 3.7 b).  

To further verify the effect of confinement of 45° notched sample, the 

surface morphologies in the four corners of the 45° notched sample are 

carefully examined. Figure 3.7 c)-f) show that no shear bands or shear offsets 

are found outside the confined region, which provides definitive proof that 

shear banding process can be controlled by reducing the notch angle. In 

addition, the trend of shear bands reducing as decreasing notch angle is 

consistent with that of serrations reducing in the stress-strain curves. 
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Figure 3.7 SEM images of a circumferentially-notched sample with 

a notch angle of 45° before fracture. The higher magnificaiton of A 

in a) is shown in b), and the higher magnification of four corners 

illustrated in a) are shown in c)-f), respectively. 

 

Figure 3.8 shows the SEM images of the side view of circumferentially-

notched samples with notch angels of 120°, 90° and 45° after fracture, 

respectively. For the 120° notched sample, the fracture plane is along one 

dominant shear plane, which is approximately 45° with respect to the loading 
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direction. This feature is similar as that of notch free samples, in which 

catastrophic failure occurs along one dominant shear band. For the 90° 

notched sample, the fracture plane is almost normal to the loading direction. 

For the 45° notched sample, a cup and cone feature is formed after fracture, 

indicating a ductile fracture behavior for the BMG under highly confinement 

condition. 

 

Figure 3.8 SEM images of the side view of circumferentially-

notched samples with notch angles of 120°, 90° and 45° after 

fracture, respectively. 

 

3.2.2 Deformation behavior of slit-notched samples 

 

Figure 3.9 shows the optical image of slit-notched samples with aspect 

ratios of 2:1, 1:1 and 0.5:1, respectively. The corresponding SEM morphologies 

of these samples are shown in Figure 3.10. 

500 μm500 μm 500 μm
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Figure 3.9 Optical image of the slit-notched samples with aspect 

ratios of 2:1, 1:1 and 0.5:1, respectively. 

 

 

Figure 3.10 SEM images of the slit-notched samples with aspect 

ratios of 2:1, 1:1 and 0.5:1, respectively. 
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Figure 3.11 shows the nominal stress-extension curves of the slit-

notched samples with aspect ratios of 2:1, 1:1, and 0.5:1, respectively.  

 

Figure 3.11 Tensile net stress-extension curves for slit-notched 

samples, with aspect ratios of 2:1, 1:1 and 0.5:1, respectively. 

 

For the 2:1 sample, yielding occurs at about 1.6 GPa, and the sample fails 

with a few pop-in serrations. For the 1:1 sample, the yielding stress is about 

1.4 GPa. However, the fracture stress increases to about 2.1 GPa. For the 0.5:1 

sample, the fracture stress further increases to about 2.3 GPa, and followed by 

a few serrations. It should be noted that the stress-extension curves for 1:1 and 

0.5:1 samples exhibit plastic deformation behavior after yielding. Moreover, 

the plastic deformation for the 0.5:1 sample is larger than that of 1:1 sample. 

These results indicate that tensile plastic deformation is enhanced as the 
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sample’s aspect ratio decreasing. If the sample aspect ratio can be further 

decreased, large tensile platic deformation may be obtained. 

The mechanical behaviors of the circumferentially-notched and slit-

notched samples are summarized in Table 3.1. 

Table 3.1 Mechanical properties of circumferentially notched and 

slit notched samples. 

 

 

Figure 3.12 SEM images of the side view of the slit-notched samples 

after fracture, with aspect ratios of 2:1, 1:1 and 0.5:1, respectively. 

The fracture angles for a), b) and c) are approximately 57°, 45° and 

63°, respectively. 

 

Sample
Yield strength

(GPa)
Tensile strength 

(GPa)
Plastic extension 

(mm)

Cir-120⁰ 1.9 3.3 0.15

Cir-90⁰ 2.1 3.4 0.12

Cir-45⁰ 2.4 3.5 0.10

Slit-2:1 1.6 1.6 0.02

Slit-1:1 1.4 2.0 0.11

Slit-0.5:1 1.5 2.3 0.15

Cir refers to circumferentially-notched samples; Slit refers to slit-notched samples

200 μm 200 μm 500 μm

a) b) c)
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Figure 3.12 shows the SEM morphologies of slit-notched samples after 

fracture. The fracture angle for the 2:1 sample is about 57°, which is close to 

the reported value for Zr-based BMGs without confinement [75]. As for the 

sample with aspect ratio of 1:1, the fracture angle is about 45°, from the upper 

right to lower left of the sample. With further decreasing the aspect ratio to 

0.5:1, the fracture angle changes to about 63° with respect to the loading 

direction. Therefore, it can be concluded that the fracture angle of the BMG 

can be tuned by changing the aspect ratio of the sample. 

To further investigate the deformation behavior of the slit-notched 

sample, the morphology of the sample before rupture was also carefully 

examined. Figure 3.13 shows the SEM images of a slit-notched sample with 

aspect ratio of 1:1 before rupture. One dominant shear band appears from the 

upper right to lower left corner of the sample, indicating this sample would 

fracture along the shear plane. Besides, large shear offset together with tiny 

shear bands are also found, as shown in Figure 3.13 b).When rotating the 

same sample to the back side for further observation, a high density of shear 

bands are found, spreading from upper left to lower right corner of the 

sample. Despite profuse shear bands are found in this 1:1 sample, the fracture 

mode is still shear banding. 
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Figure 3.13 SEM images of a slit-notched sample with aspect ratio 

of 1:1 before rupture. Side view of the sample is shown in a), 

rotating 180° of the same sample c), higher magnification shown in 

b) and d). 

 

Figure 3.14 Loading-unloading curves of a slit-notched sample with 

aspect ratio of 0.5:1, unloading at 2.1 GPa. 
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Figure 3.14 shows the loading-unloading curve of a slit-notched sample 

with aspect ratio of 0.5:1. Upon loading, the curve exhibits good linearity. 

After unloading at about 2.1 GPa, the unloading curve almost goes back to the 

initial position, indicating a total elastic behavior in this region. The 

corresponding SEM morphologies of the unloading sample are shown in 

Figure 3.15.  

 

Figure 3.15 SEM images of the corresponding unloading sample of 

an aspect ratio of 0.5:1. The initial morphology of the sample before 

tension a), unloading at about 2.1 GPa b), rotating 180° of the 

unloading sample c). 

 

Before loading, no shear bands or other contaminations is observed. 

After unloading at about 2.1 GPa, the sample perfectly goes back to its initial 
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state and no elongation can be seen in the current SEM resolution, showing 

completely elastic behavior. Furthermore, no shear bands or shear offsets are 

detected by carefully screening the front side and back side of this sample 

(Figure 3.15 b) and c)). Compared with the yield stress (1.5-1.6 GPa) of bulk 

sample under uniaxial tensile condition, yield stress of the confined sample is 

undoubtedly increased. Therefore, our strategy to change the geometry of 

aspect ratio is a feasible way to delay shear banding.  

 

3.2.3 Deformation behavior of rectangularly-notched samples 

 

Figure 3.16 Representative stress-extension curve of the 

rectangularly-notched sample. The inset shows the SEM image of 

the rectangularly-notched sample before tension. 
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The representative stress-extension curve of the rectangularly-notched 

sample is shown in Figure 3.16. The stress-extension curve shows a non-linear 

deformation behavior after general yielding, just as the behavior of 

circumferentially-notched samples, and followed by a maximum stress at 

about 3.2 GPa. The non-linear deformation behavior indicates tensile ductility 

can also be achieved for the rectangularly-notched sample. The morphology 

of the rectangularly-notched sample is shown in the inset.  

 

Figure 3.17 Loading-unloading curves of the rectangularly-notched 

sample and the bare rods without notch. The insets show the 

morphology of the rectangularly-notched sample and the bare rod. 

 

To study the deformation behavior of the rectangularly-notched sample, 
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free sample. Figure 3.17 show the loading-unloading curves of the notched 

and notch free samples.  

The sample with notch is loaded up to 8000 N, corresponding to a stress 

of 2.2 GPa, and followed by unloading. After unloading, about 0.1 mm 

elongation is obtained. However, it has to be emphasized here that this 0.1 

mm elongation cannot be regarded as the plastic deformation experienced by 

the sample. The effect of the testing machine has to be considered. The 

loading-unloading experiment was also taken for the notch free sample. After 

unloading at about 8000 N, which corresponds to only 640 MPa for the notch 

free sample and is totally within the elastic regime, about 0.03 mm elongation 

is obtained. Therefore, this 0.03 mm could be regards as the system error for 

the testing system. Despite a system error of 0.03 mm, plastic deformation is 

unquestionably experienced by the rectangularly-notched sample. 

The corresponding SEM images of the rectangularly-notched at 2.2 GPa 

are shown in Figure 3.18. Before tensile testing, the morphology of the 

rectangularly-notched sample is shown in Figure 3.18 a). No shear bands or 

shear offsets is detected on the surface of the sample, as shown in the high 

magnification SEM image in Figure 3.18 c). After tensile testing, the 

morphology of the sample is shown in Figure 3.18 b) and d). Compared with 

the dimension of the sample before tensile testing, about 11 % tensile 

elongation is obtained which is comparable to the elongation (13 %) measured 
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by stress-extension curve. In addition, shear offsets rather than profuse shear 

bands intersecting with each other are found on the surface of the sample. 

 

Figure 3.18 SEM images of the rectangularly-notched sample 

unloading at 2.2 GPa. a) before tensile testing, and b) after tensile 

testing. The higher magnification of the sample before c) and after d) 

tensile testing. 

 

3.2.4 Deformation behavior of a 5 mm cylindrical sample with 

Bridgman notch 

 

Based on the results presented in sections 3.2.1-3.2.3, it can be found that 

there is a clear transition from shear banding dominant deformation to less 
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shear banding dominant deformation as the confinement condition is more 

severe, i.e., decreasing the notch angle or decreasing the aspect ratio of the 

confined samples. In this section, to increase the severity of the confinement 

condition, we design a 5 mm cylindrical sample with the geometry of 

Bridgman notch. The deformation behavior of the samples with this geometry 

is studied and presented. Figure 3.19 a) shows the schematic illustration of a 5 

mm cylindrical sample fabricated with Bridgman notch. The corresponding 

optical image and SEM image are also shown in Figure 3.19 b) and c). 

 

Figure 3.19 Schematic illustration of the 5 mm cylindrical sample 

with Bridgman notch shown in a). The optical image and SEM 

image of the Bridgeman notched sample are shown in b) and c). 

 

Figure 3.20 shows the tensile stress-strain curves of the 5 mm cylindrical 

sample with Bridgman notch, the strain in the figure has no unit and all the 

curves are shifted for comparison. Curve 1 is the stress-strain curve for a 
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sample that has been pulled apart. After general yielding at about 1.8 GPa, the 

stress-strain curve starts to deviate from linearity, followed by a ‘strain 

hardening’ phenomenon until a maximum stress about 2.9 GPa, and finally 

ruptured by the characteristic of a few serrations in the stress-strain curve. For 

BMGs, it is generally known that ‘strain softening’ [103, 139] occurs upon 

yielding instead of ‘strain hardening’ as in crystalline materials. Therefore, 

this apparent ‘strain hardening’ capability is worthy of a focused study and 

will be presented in Chapter 5.  

Curve 2 is the loading-unloading stress-strain curve. After unloading at 

about 2.5 GPa which corresponds to a strain reaching 15%, about 6% plastic 

deformation is achieved. Based on this information, the elastic limit for the 

sample under this confinement condition would be about 9%, which is much 

beyond the 2% elastic limit for BMGs under confinement free condition. 

Furthermore, the 9% recoverable elastic strain also means the sample exhibits 

non-linear elastic behavior after yielding.  

Curve 3 is the stress-strain curve unloaded at 2.1 GPa. After unloading, 

the stress-strain curve recovers back, and no detectable plastic deformation is 

found at the current testing system resolution. 
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Figure 3.20 Tensile stress-strain curves of the 5 mm cylindrical rod 

with Bridgman notch. The inset shows a sample before and after 

tensile testing, showing 9.3 % elongation in the loading direction. 

 

The inset in Figure 3.20 shows the SEM images of the sample before and 

after tensile testing. According to the measurement in these SEM images, 

about 9.1 % elongation (from 394 μm to 430 μm) in the loading direction and 

about 4.5 % shrinkage (from 2360 μm to 2258 μm) in the diameter direction 

are obtained. The elongation in length and shrinkage in diameter indicate a 

homogeneous deformation mechanism for this BMG under tensile 

confinement condition. Moreover, based on the measurement of the SEM 

image, the volume of the sample decreases approximately 0.0012 after plastic 

deformation. This result indicates that the density increases (densification). 
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An in-depth study and discussion of the densification phenomenon will be 

presented in Chapter 5. 

To investigate the tensile deformation behavior of the Bridgman notched 

sample, in-situ camera shooting was carried out at various moments during 

the strain evolution. Figure 3.21 a) shows the stress-strain curve of the 

Bridgman notched sample. The green stars (Ⅰ-Ⅴ) represent the places where 

in-situ camera shooting images are taken, and the corresponding images are 

shown in Figure 3.21 b). As the load increases, the measured strain also 

increases. The measured strains for Ⅰ-Ⅴ are 0%, 8%, 11%, 16% and 31%, 

respectively.  

To further verify the strain, images with higher magnifications are shown 

in Figure 3.21 c). We notice that there is a light spot reflected from the surface 

during the tensile testing, which is a good indicator for the measurement of 

the tensile strain. By measuring the length of the light spot, tensile strain can 

reach as high as ~30% which is an extremely large value as compared with the 

value (2%) for BMGs tested at confinement free condition. 
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Figure 3.21 Tensile behavior and corresponding in-situ camera 

shooting strain of the 5 mm cylindrical rod with Bridgman notch. a) 

Stress-strain curve calculated from the raw load-extension data. b) 

In-situ camera shooting strain at the places marked in the stress-

strain curve. c) higher magnification images of the shooting strain, 

together with the measurement from the reflected light spot at 

notch surface. 
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The loading-unloading tensile behavior of the Bridgman notched sample 

is shown in Figure 3.22. Figure 3.22 a) shows the loading-unloading stress-

strain curve of the sample. The sample is firstly loaded, and followed by 

unloading at about 2.5 GPa. Based on the loading-unloading curve, about 6.3 % 

permanent plastic deformation is obtained.  

In addition, three in-situ camera shooting images were taken at initial 

position, maximum loading position and completely unloading position, 

marked as Ⅰ, Ⅱ, Ⅲ in the loading-unloading curve, respectively. The in-situ 

camera images corresponding to Ⅰ, Ⅱ, Ⅲ are shown in Figure 3.22 b). 

According to the measurement, the strains for Ⅰ, Ⅱ, Ⅲ are 0 %, 19 % and 6 %, 

respectively, which are comparable to those measured by loading-unloading 

stress- strain curve. To double check the strain measurement, post SEM image 

of the unloading sample is also taken. The sample is about 6 % increase in 

length and about 2.5 % shrinkage in diameter after tensile testing, as shown in 

Figure 3.22 c). Based on the measurement results, the strains measured by 

stress-strain curve, in-situ camera shooting and post-SEM images are in good 

agreement with each other, providing detailed information of strain evolution 

during plastic deformation.  
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Figure 3.22 Loading-unloading tensile behavior and corresponding 

in-situ camera shooting strain of the 5 mm cylindrical rod with 

Bridgman notch. a) Stress-strain curve calculated from the raw 

load-extension data. b) In-situ camera shooting strain at the places 

marked in the stress-strain curve. c) SEM images of the testing 

sample before and after unloading. 
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To rule out the possibility of voids or microcracks formation during the 

homogeneous plastic deformation, the entire cross secitonal area of the 

deformed sample was carefully examined by SEM. Figure 3.23 shows the 

representative SEM image of a 7 % plastically deformed sample. No voids or 

microcracks can be found. Therefore, it can be concluded that the large tensile 

elongation and homogeneous plastic deformation achieved in this work is not 

caused by the formation of voids or mircocracks. 

 

Figure 3.23 Representative cross sectional SEM image of a 7 % 

plastically deformed sample, showing no voids or microcracks. The 

inset shows the entire morphology of the plastically deformed 

notch. 

 

However, it has to be admitted that shear offsets are observed on the 

surface of the plastically deformed sample. People may argue that these 
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‘shear offsets’ are indicators of shear banding, therefore, the sample is 

deformed through shear banding deformation mode rather than 

homogeneous deformation mode. Our defense on this argument is presented 

as follows.   

Firstly, it is commonly known that shear banding is a process of strain 

localization. During plastic deformation, plastic strain is spontaneously 

allocated into narrow bands, termed as shear bands. Therefore, if the sample 

deforms homogeneously through shear banding, geometrically speaking, 

multiple shear bands have to be formed and intersect with each other among 

the entire sample, as illustrated in Figure 3.24 b).  

 

Figure 3.24 Schematic illustration of the plastically deformed 

sample through different deformation modes. a) original sample 

before deformation, b) plastically deformed through shear banding, 

showing multiple intersecting shear bands, c) plastically deformed 

through homogeneous deformation, showing shear offsets on the 

surface due to stress concentration. 

a)

b) c)

Shear banding Shear offset

Before deformation
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On the other hand, it is known that notches, holes, and cracks are served 

as stress concentrators during deformation. In the current circumstance, 

despite the sample is deformed homogeneously, shear offset may occur at the 

notch root due to stress concentration but should not propagate into the 

whole sample, as illustrated in Figure 3.24 c).  

 

Figure 3.25 SEM images of the morphologies of plastically 

deformed samples. a) surface morphology of a tensile sample of 7% 

ductility, showing shear offsets, b) surface morphology of a 8% 

compressed sample with gauge dimension similar to the tensile 

sample, showing shear bands, c) cross-sectional morphology of the 

7% ductility sample, showing shear offsets on the outer surface. 

 

To verify which scenario is the case, the morphologies of the plastically 

deformed sample is examined by SEM, and are shown in Figure 3.25. Figure 

20 μm20 μm

a) b)

Shear band
Shear offset

100 μm

Shear offsets

c)



3. Achieving tensile ductility of BMGs at room temperature 

71 

3.25 a) shows the surface morphology of a tensile sample of 7% ductility. It is 

clearly seen that shear offset instead of multiple shear bands are detected. For 

comparison, the surface morphology of a compressive sample is also shown, 

as in Figure 3.25 b). In this case, shear bands are found on the surface, 

indicating a deformation mode by shear banding. The cross-sectional 

morphology of the 7% deformed sample is shown in Figure 3.25 c). Only 

shear offsets are seen on the outer surface.  

Secondly, if the deformation mode is shear banding; multiple shear 

bands would form through the entire sample, which causing dilatation and 

softening of the sample. As such, there would be hardness valleys if the 

hardness measurement is conducted. However, this is not the case according 

to the hardness measurement result (will be presented in Chapter 5). 

Therefore, based on the above analysis, the deformation mode in our case is 

homogenous deformation. 
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3.3 Discussion 

 

3.3.1 Comparison between homogeneous deformation at high 

temperature and at room temperature 

 

Homogeneous deformation of metallic glasses is known to occur at 

temperatures near or above the glass transition temperature (Tg=645 K for this 

metallic glass). In that case, STZs are uniformly distributed, and large 

ductility is achieved due to the viscous-like homogeneous flow [53]. The 

representative tensile stress-strain curve for high temperature homogeneous 

flow exhibits the characteristics of a peak stress near the elastic limit, followed 

by strain softening and steady flow, and finally fracture occurs when the area 

of the sample is drawing-to-a-point [31, 140]. These characteristics of high 

temperature homogeneous flow are totally different from the room 

temperature homogeneous flow here in two aspects. Firstly, the room 

temperature homogenous flow reported here shows strain hardening (details 

will be presented in Chapter 5) and ~25 % elongation before facture, as 

opposed to strain softening at high temperature. Secondly, shear failure may 

still occur as some of the testing samples show serrated flow which is an 

indication of shear banding. Although the shear banding mechanism may not 

be fully suppressed, at least, it is delayed and requires higher stress to initiate. 
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3.3.2 Variation of tensile ductility as stress state parameter  

In order to rationalize the virous tensile confinement state in this study, 

stress state parameter is introduced. Under fully plastic conditions, 

Bridgman’s analysis of the stress distribution in a necking bar may be used to 

estimate the stress state parameter, the ratio of the mean stress (σm) to the 

effective stress (σeff), at the center of the notched bar [141]: 

                                                                                                 

                                                                                                                                  (3.1) 

where a is the final minimum bar radius and ρ is the radius of the notch. By 

changing the notch or bar radii, the stress state may be varied from uniaxial 

(a/2 ρ→0, σm/σeff→1/3) to nearly triaxial (a/2 ρ→∞, σm/σeff→∞). The schematic 

illustration of the geometry at the neck is shown in Figure 3.26. 

 

Figure 3.26 Schematic illustration of the geometry at the neck. 
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Based on the Bridgman’s analysis, the stress state parameters in this 

study are summarized in Table 3.2. 

Table 3.2 Stress state parameter calculated by Bridgman’s analysis. 

 

The extension as a fuction of stress state parameter is shown in Figure 

3.27, some data points collected from reference [142] are also shown for 

comparison. The exteniosn generally shows an increasing trend as the stress 

state parameter increases. Based on the results in section 3.2.1-3.2.4, it can be 

concluded that shear banding dominant deformation mode is prohibited by 

increasing the stress state parameter, thus, tensile ductility can be achieved. 

On the contrary, no tensile ductility can be observed in the reference. 

 

Sample
Measured a 

(mm)
Measured 2ρ

(mm)
σm/σeff

Cir-120° 0.53 0.46 1.10

Cir-90° 0.54 0.35 1.26

Cir-45° 0.54 0.21 1.60

Slit-2:1 0.54 1.84 0.58

Slit-1:1 0.64 1.04 0.81

Slit-0.5:1 0.89 0.86 1.04

Rectangular 1.06 0.50 1.47

Bridgman-5mm 1.30 0.50 1.61

Cir refers to circumferentially-notched samples, Slit refers to slit-notched samples
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Figure 3.27 Extension as a function of stress state parameter 

 

3.4 Conclusion 

 

Through changing the geometries of the samples, deformation behaviors 

of BMG samples under tensile confinement condition have been 

systematically investigated, and tensile ductility has been achieved for 

various samples. The major conclusions can be drawn as follows: 

(1) In contrary to the negligible macroscopic ductility for BMGs at room      

temperature, BMGs under tensile confinement condition can exhibit 

large ductility. The highest ductility for the confined sample is up to 
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~25 %, which is a record has never been reported before for BMGs at 

room temperature. Moreover, the concept of designing tensile 

confinement, i.e., intentionally notching or contouring a specimen, may 

open an avenue for the structural application of BMGs. 

(2)  There is a clear transition from highly localized shear banding 

dominant deformation mode to homogeneous deformation mode as 

the confinement condition becoming more severe, i.e., decreasing notch 

angles or decreasing sample aspect ratios. This phenomenon is 

attributed to the delay of shear banding by controlling the resolved 

shear stress.  
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Chapter 4 

 

4 Approaching ideal tensile strength of 

BMG 

 

4.1 Introduction 

 

High strength is a long-standing goal for structural materials and is the 

primary considering factor for engineering applications. The ideal strength, 

which is an important material property, refers to the upper bound of stress 

that a material can sustain without damage. The ideal strength of crystals has 

been studied extensively for years, and several reviews related to ideal 

strength have been documented [143, 144]. 
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Generally speaking, the ideal strength of crystals is controlled by the 

energy required to break a bond by shear compared to that by tension. The 

ideal tensile strength is roughly E/10 [145, 146], where E is the Young’s 

modulus. As regarding the ideal shear strength, the ground-breaking work 

was done by Frenkel [147], who calculated the theoretical shear strength by an 

assumption of cooperative shearing and obtained τideal≈G/5, where G is the 

shear modulus. However, most metals plastically deform at the stress of 3-4 

orders of magnitude lower compared with their ideal strength. The large 

discrepancy between the ideal strength and the testing strength motivated the 

theory of dislocation [148, 149]. For metals, shear modulus is smaller than 

Young’s modulus, and thus metals always fail by shearing. On the contrary, 

for ceramics, shear modulus is larger than Young’s modulus, and thus 

ceramics always fail by tension [150]. The schematic map of ideal strengths for 

metals and ceramics is shown in Figure 4.1. 

Unlike the conventional metals, the recently emerging BMGs have 

unique mechanical properties. For example, BMGs have high yield stress and 

high elastic limit as compared to their crystalline counterparts. All BMGs fail 

at an elastic limit of 2%, corresponding to strength of ~E/50 [49]. The failure 

mode for BMGs at low temperature (<Tg) is shear banding, which is a process 

of localization of plastic strain during deformation.  Based on the analysis in 

section 3.1, shear stress can be tuned to be below the critical shear stress, and 
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then tensile stress dominates. As such, BMG sample can fail by tensile mode 

by suppressing shear banding. Then the questions for BMGs are: What is the 

tensile fracture strength? As there are no defects such as dislocations in 

monolithic BMG, is the measured tensile strength close to the ideal tensile 

strength? What is the fracture morphology for BMG fail under tensile mode? 

 

 

Figure 4.1 Schematic map of material ideal strengths for metals and 

ceramics. The blue and red dashed lines showing the boundary of 

strengths for metals and ceramics, respectively. sm and tm denote the 

maximum shear and tensile strength of a perfect crystal, adapted 

from [150]. 

 

In this Chapter, the tensile fracture strength of BMG samples with 

various geometries is investigated, and compared with the ideal tensile 
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strength. The fracture morphology of BMG under tensile confinement is also 

presented. 

 

4.2 Results and discussion 

 

4.2.1 Variation of tensile stress as stress state parameter 

The tensile stress as a function of stress state is shown in Figure 4.2, some 

data points collected from reference are also shown for comparison [142]. The 

tensile stress is defined as the maximum stress obtained from the stress-

extension curve. The tensile stress shows an increasing trend as the stress 

state increases, and the maximum tensile stress is about 3.6 GPa at the stress 

state of 1.6, which is about 2.3 times higher than that obtained in uniaxial test. 

The minimum stress is about 1.6 GPa, which is comparable to the stress under 

uniaxial tension for this material. As further increasing the stress state, the 

tensile stree slightly decreases. On the contrary, the tensile stress from the 

reference shows a decreasing trend as the stress state increases, which is 

totally different from our work. 
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Figure 4.2 Tensile stress as a function of stress state parameter 

 

4.2.2 Approaching ideal tensile strength 

 

Figure 4.3 shows the correlaiton between fracture strength and Young’s 

modulus. For crystalline metals, the fracture strength is approximate 0.65 % of 

the modulus. For metallic glasses tested under non confinement condition, the 

fracture strength is about 2 % of the modulus. For our study, the strength of 

this Zr-based BMG is about 5 % of its modulus, which is very close to the 

strength of perfect crystal (whiskers), putting BMG among the highest 

strength materials. 
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Figure 4.3 Correlation between fracture strength and Young’s 

modulus. The data in this work is tested under tensile confinement 

condition. The data for crystalline materials are also shown for 

comparison [4]. 

 

The ideal strength of a material is in principle related to the cohesive 

forces between atoms. In general, high cohesive forces are associated with 

large elastic constants, high melting points, and small coefficients of thermal 

expansion. Under tension, the atomic distance in the loading axis is larger 

than the initial value a0, while the atomic distance normal to the loading axis 

is smaller than a0. When the strength reaching the maximum tensile stength, 
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the atomic bond breaks and leaves the fracture surface. The cohesive force as 

a funtion of the separation between atoms is illustrated in Figure 4.4.  

 

Figure 4.4 Atomistic model of ideal tensile strength. 

 

If assuming that the cohesive force curve is a sine curve, the estimated 

ideal tensile strength would be ~E/10. The real expression for the cohesive 

force curve can be more complicated, therefore, a good approximation of the 

ideal tensile strength is in the range of E/10~E/20. 

However, engineering materials typically have fracture stresses that are 

10 to 1000 times lower than the theroretical value. The first explanation of the 

discrepancy between the observed fracture strength and the theoretical 

cohesive strength was proposed by Griffith [151]. Griffith proposed that a 

material contains a population of pre-exist cracks which produces a stress 
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concentration so that the theoretical cohesive strength is reached in localized 

region whereas the norminal stress is well below the theoretical value. In this 

work, Griffith theory is adopted to calculate the intrinsic defect in BMGs. 

Based on Griffith’s theory, the fracture strength is: 

 

                                                                                                                          (4.1) 

 

where γs is the surface energy, E is Young’s modulus, c is half crack length. 

On the other hand, the theoretical cohesive strength can be expressed as : 

 

                                                                                                                           (4.2) 

 

where γs is the surface energy, E is Young’s modulus, a0 is interatomic 

distance. 

It is generally known that the basic plastic flow carrier of metallic glass 

is cooperative shearing of atomic clusters termed as shear transformation 

zones (STZs) [43, 61, 152-154]. In analogy to concept of the pre-exist cracks, we 

assume that the size of STZ is comparable to that of the pre-exist crack. 

Recently, it is reported by Pan et al. [155] that the STZ size is experimentally 

estimated to be 1.3-1.9 nm by nanoindentatioin method. Besides, simulational 

works have also been carried out and predicted the size of solute-centered 
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clusters to be 1-1.5 nm [156, 157]. Based on these previous studies, we 

estimate the averaged STZ size in our study is to be ~1 nm. According to 

equation (4.1) and (4.2), taking E=78 GPa [97], a0=0.4 nm, 2c≈ 1 nm, the 

calculated maximum tensile strength is 3.5 GPa, which exhibits a fair 

agreement with the our measured maximum value. 

Table 4.1 Experimentally measurd ultra-high strengths in metals. 

 

 

Material
Max 

Elastic 
strain (%)

Measured 
Strength

(GPa)

Ideal 
Strength

-E/10 
(GPa)

Sample 
Size

Method of 
Testing

Ref.

Fe 4.9 13.1 21 1.6 μm Tension [158]

Cu 2.8 2.9 11 1.3 μm Tension [158]

Ag 4.0 1.7 8 3.8 μm Tension [158]

Au 1.9 1.5 8 1.4 μm Tension [158]

Zn 2.0 2.2 11 1.0 μm Tension [158]

Ag-NW 9.1 7.3 8 16.5 nm Bending [159]

Au-NW 7.0 5.6 8 40 nm Bending [160]

Au-NP 0.8 0.8 8 300 nm Compression [161]

Au-NP 0.4 1 8 300 nm Compression [162]

Cu49Zr51 4.4 3.8 8.3 200 nm Tension [163]

Zr64.13Cu15.75

Ni10.12Al10
5 3.7 7.8 ~ 2.5 mm Tension

This 
work
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Such high strength phenomena are usually reported in small size samples 

(nanometer scale) and defect free samples, for example metallic whiskers. In 

our study, we show that even in bulk sized samples, the ideal tensile strength 

can be reached. Table 4.1 summarizes the experimentally measured ultra-

high strengths in metals [158-163]. 

 

4.2.3 Fracture morphology under tensile confinement 

 

Fracture morphology is a useful method to determine if the material is 

brittle or ductile, and is important for investigating the fracture process of 

materials. The fracture morphology of samples with various notch shapes will 

be present in this section.  

Figure 4.5 shows the representative fracture morphology of 120° 

circumferntially-notched sample. It can be seen that most of the fracture 

surface morphology is the feature of shear, suggesting shear banding is the 

dominant failure mode. However, some ‘dimple like’ structure is found in the 

center of the sample, which is shown in the higher magnification image in 

Figure 4.5 b). The typical fracture morphology for BMGs in tensile test is 

‘cores’ and some ‘ridating veins’. Such ‘dimple’ structure is rare to see for 

BMGs in tensile test, indicating this material is more ductile under 

confinement condition. 
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Figure 4.5 Reprensentative fracture morpholoy of circumferentially-

notched sample with a notch angle of 120°. 

 

Reprensentative fracture morpholoy of the circumferentially-notched 

sample with notch angle of 90° is shown in Figure 4.6. As the notch angle 

decreases, the fracture surface becomes flat, and once again, the ‘dimple-like’ 

structure is found in the center, and the ratio of the ‘dimple-structure’ area is 

slightly increased as compared with that of 120° sample. Another feature need 

to be emphasized is that some cracks (as indicated in Figure 4.6 b)) are found 

in this sample, which is not seen in the 120° sample. The size of the dimple 

structre is about 30 μm, as indicated in Figure 4.6 c). 

 

200 μm 100 μm

a) b)
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Figure 4.6 Reprensentative fracture morpholoy of circumferentially-

notched sample with a notch angle of 90°. 

 

Figure 4.7 shows the reprensentative fracture morpholoy of the 

circumferentially-notched sample with notch angle of 45°. When the notch 

angle decreases to 45°, a large number of cracks are found in the center of the 

sample, stronlgy indicating a different fracture mode as compared with the 

shear banding dominant fracture mode. Besides, a transition from tension to 

shear is dectected (as shown in Figure 4.7 b)), which is a direct evidence for 

the changing of fracture mode from shear banding to tension. We speculate 

that the ‘dimple-like’ structure is the initial site of crack formed by debonding 

of atoms, and followed by shearing. Furthermore, some melting droplets are 

found in the vicinity of tension region, indicating a large heat releasing during 
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the fracture. All these unusual features, such as cracks, transition zone, 

melting droplets, strongly indicate that tension, instead of shear banding, is 

the doninant fracture mode under tenslie confinement. 

 

Figure 4.7 Reprensentative fracture morpholoy of circumferentially-

notched sample with a notch angle of 45°. 

 

Figure 4.8 shows fracture morphology of slit-notched samples with 

various aspect ratios. Figure 4.8 a), b) show the fracture morphology of 2:1 

sample. The fracture morphology of 2:1 sample consists of two distinct zones, 

i.e., the smooth zone followed by the zone with cores and radiating veins. The 

smooth zone, which is ~74 μm in width, is considered to be the intial stage of 

the plastic deformation. Compared with the reported smooth zone ranging 
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from sub-micrometers to a few tens of micrometers in width, the current zone 

size is reasonable. These features, which are consistent with those of uniaxial 

tension test, indicate the fracture mode of 2:1 sample is shear banding. The 

fracture morphology of 1:1 sample is shown in Figure 4.8 c) and d).  

 

 

Figure 4.8 Fracture morphology of slit-notched samples with 

various aspect ratios. a) b) aspect ratio 2:1, c) d) aspect ratio 1:1, e) f) 

aspect ratio 0.5:1. 
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The width of the smooth zone is ~61 μm. The feature of cores and 

radiating veins becomes faint as compared with that of 2:1 sample. As 

decreasing the aspect ratio to 0.5:1, the width of the smooth zone further 

decreases to ~53 μm, and the feature of cores and radiating veins is hard to 

identify. Interestingly, the ‘dimple-like’ structure is found in the center of the 

sample, which is analogous to that found in the circumferentially-notched 

samples, indicating a more ductile fracutre behavior of the 0.5:1 sample. 

Figure 4.9 shows the representative fracture morphology of the 5 mm 

cylindrical sample with Bridgman notch. Cracks can also be found, as shown 

in Figure 4.9 b). Moreover, some mirco-voids as well as some melting 

droplets are found in the vicinity of the ‘dimple like’ structure. These melting 

droplets indicate a large amount of heat is released when the sample breaks. 

Based on the above results, some unique features are found in the 

fracture morphology of BMGs under tensile confinement condition. First, 

there is a clear transion from shear dominant fracture mode to tensile 

dominant fracture mode as the stress state parameter increasing. Second, 

‘dimple-like’ structure which is usually an indication of ductile fracuture, can 

be found in this BMGs. Third, cracks and mirco-voids are also found in the 

fracture surface. These features prove that the nature of this BMG under 

tensile confinement condition is ductile fracture 
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Figure 4.9 Representative fracture morphology of the 5 mm 

cylindrical sample with Bridgeman notch. 

 

4.3 Conclusion 

 

By suppressing shear stress, the tensile strength and fracture morphology 

of BMG under tensile confinement condition have been systematically studied. 

The most salient conclusions can be drawn as follows: 

(1) The tensile strength of BMG under confinement condition shows an 

increasing trend as the stress state parameter increases, which is in 

contrary to the previouly reported results. The maximum tensile 
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strength that had been achieved in this work is up to 3.6 GPa, which is 

2.3 times higher than that obtained under uniaxial tesnion. 

(2) Unlike the fracture features of uniaxial tension where smooth zone and 

the zone with cores and radiating veins can be found, several unqiue 

features have been found in the fractrure morphology of BMG under 

tensile confinement condition, such as micro-voids, cracks, and 

‘dimple-like’ structures. These features strongly indicate that this 

‘strong-yet-birttle’ BMG becomes ‘stronger-and-ductile’ under 

confinement condition.  

(3) Based on Griffith’s theory, the calculated tensile strength of this BMG is 

about 3.5 GPa, which is very close to the value obtained by our 

experiment. The ultimate tensile strength is ~E/20, which is 

approaching the ideal tensile strength, putting BMG among the highest 

strength materials. 
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Chapter 5 

 

5 Strain hardening and densification in 

metallic glass 

 

5.1 Introduction 

 

It is well known that metallic glasses shear off catastrophically within a 

narrow region (~100 nm) which is named shear band, at room temperature 

right after the initial ~2% elastic limit [49]. It is this shear banding that 

dominates the deformation behaviour, such as brittleness without any 

macroscopic plastic strain. Deformation of metallic glasses through shear 

banding always leads to softening [73, 103], whether it is at room temperature 

or at ambient temperature. This is because metallic glasses deform through a 
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localized shear on the plane of maximum stress (~45 degree to the loading 

direction) due to isotropic nature of the structure of metallic glasses [52, 137]. 

Shear banding is a highly inhomogeneous and softening process usually in a 

catastrophic manner where free volume will only increase [31]. Thus 

softening associated with shear banding is regarded as a natural phenomenon 

in metallic glasses. 

On the other hand, even within the shear band, softening is the dominate 

mechanism, as severe plastic deformation causes dilatation by the increase in 

free volume. The mechanism of strain softening has been attributed to 

temperature rise [73] or strain casused dilatation [164] within shear band. 

Although its mechanism remains debatable, the softening itself is a commonly 

observed phenomenon. So as a whole, all the deformation behaviour of 

metallic glasses is dominated by the shear banding, and softening is brittle 

behavious are the key phenomenon. It is this softening and lack of the 

capability of strain hardeing hinders the application of BMGs as engineering 

materials.  

However, due to the isotropic nature of metallic glass, the maximum 

shear stress can be geometrically constrained (as presented in Chapter 3) and 

the catastrophic failure of metallic glass can be bypassed. Therefore, under the 

condition that shear banding is constrained, delayed or even eliminated, 

metallic glasses like any other materials may in principle, exhibit radically 
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different deformation behaviour, and other deformation mechanisms can 

appear.  

In this chapter, for the first time in a tensile constrained mm-sized bulk 

specimen where the shear banding is constrained, we demonstrate 

homogeneous deformation at room temperature, leading to 

strain hardening and densification. Such hardening is attributed to 

densification (e.g. free volume annihilation) in the specimen due to stress 

induced annealing at room temperature. Such a discovery provides totally 

fresh angle for the interpretation of mechanical behavior of metallic glasses 

and helps us to understand the true deformation behaviour, and design of 

better structure for engineering application of metallic glasses. 

 

5.2 Results 

 

5.2.1 Strain hardening characterized by micro hardness 

In this section, samples were fabricated with different geometries for 

compression, tension and annealing test. For better illustration, the 

geometries of these samples are listed in Table 5.1. 
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Table 5.1 Geometries of the samples for compression, tension and 

annealing tests.   

 

 

Figure 5.1 shows the strss-strain curves of BMG samples under 

compression and tension with varied aspect ratios. Curve 1 is the compressive 

curve of a 2:1 sample. It shows that the sample yields at about 1.6 GPa, 

followed by serretated flow corresponding to a characteristic negative slope 

of in the stress-strain curve.  

Samples Geometries

2:1 compression

1:1 compression

2:1 tension

1:5 tension

Annealed samples for 
hardness test
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Figure 5.1 Stress-strain curves of BMG samples under compression 

and tension with different aspect ratios. 

 

Curve 2 is the compressive curve of a confined sample with aspect ratio 

1:1. For this confied sample, it shows a ‘strain hardening’ like behavior after 

yielding, which is caused by the increase of contact area during plastic 

deformation. If corrected by the true area, there will not be the strain hardeing 

behavior. Curve 3 is the tensile stress strain curve of a sample with aspect 

ratio 2:1. In analogy to the tensile behavior of uniaxial tension, this BMG 

sample show negligible tensile ductility and fails catastrophically after 

yielding. Curve 4 is the curve for sample under tensile confinement condition. 

In sharp contrast with the three curves presented above, it shows an obvious 

strain hardening behavior after yielding at about 1.8 GPa, and the stress 
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further increases to about 2.8 GPa. This strain hardening behavior is like that 

of a ductile material, which has never been reported in BMGs. 

 

 

Figure 5.2 SEM images showing the side view of BMG samples 

after fracture. a) compression 2:1 sample, b) compression 1:1 sample, 

c) tension 2:1 sample, d) tension 1:5 sample. 

 

Figure 5.2 shows the SEM images of the side view of BMG samples after 

fracture. Figure 5.2 a) shows the SEM image of 2:1 sample in comprssion. This 

sample fails along a dominant shear band, about 45° with respect to the 

loading axis. As shown in Figure 5.2 b), the 1:1 sample has multiple shear 

bands and also fails anlong one dominant one. The left top corner and lower 

right corner show the sign of area increase due to contact with the cross head 

500 μm 200 μm

500 μm 1 mm

a)

d)c)

b)
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of the tesing machine. Figure 5.2 c) shows the fracture of 2:1 sample under 

tension, indicating no macroscopic tensile ductility. Figure 5.2 d) shows the 

SEM image of 1:5 tensile sample. This sample exhibits completely different 

fracture hehavior as compared to other samples, and no obvious shear bands 

can be found. The fracture process of this sample can be found in section 4.2.3. 

The hardness of the plastically deformed area was studied by 

microhardness testing. Figure 5.3 shows the hardness traces of undeformed 

sample, deformed samples (2% and 7%).  

 

Figure 5.3 Mircohardness traces of the plastically deformed samples 

with different permanent strain. The inset shows the trace of 

hardness measurement. 
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To rule out the influence of notch on microhardness, the undeformed 

sample (as-cast) for microhardness testing is fabricated exactly as that 

prepared for notched samples. The microhardness for as-cast sample is 

constant (around 400 kg/mm2) cross the thin disk, proving no influence of the 

notch shape on microhardness. However, the deformed specimens show peak 

hardness right at the centre and gradually decline to the level of the as-cast 

sample. The jump in peak hardness of 12% is highest for the 7% deformed, 

while the peak hardness was 5% for the 2% deformed sample. This is another 

indication of strain hardening. It is noticed that the hardened area goes 

beyond the thin disk at the center, indicating that the plastically affected body 

is actually much beyond the actual narrow disk of the tensile specimen. The 

fact that there is a hardness peak in the centre also indicates that the 

deformation is more severe at the center and progressively declines and the 

affected volume is actually in a diamond-like shape. 

It is well known that thermal annealing (sub-Tg) leads to structral 

relaxation in BMGs, and induces a hardness increase. Therefore, for 

comparison, the microhardness tesing was also conducted for annealed 

samples. All the samples were prepared the same procedure as that for the 

tensile tesing, and subsequently annealed for 30 mins at 473 K, 523 K, and 573 

K, respectively. Figure 5.4 shows the microhardness traces of annealed 

samples. In consistent with the as-cast samples, no hardness increase is found 
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inside or near the notch zone. The averaged microhardness for samples 

annealed at 473 K, 523 K, and 573 K are 409 HV, 423 HV, and 432 HV, 

respectively, showing an increasing trend as the annealing temperature 

increases. 

 

Figure 5.4 Mircohardness traces of the annealed samples. 

 

Figure 5.5 shows the SEM images of indent morphologies. Figure 5.5 a) 

shows the morphology of an indent located 2 mm away from the center of a 7% 

plastically deformed sample. Since this region is far away from the notch, and 

the stress level during tensile testing is within the elastic limit of this BMG, 

this indent can be treated as the hardness of undeformed or as-cast sample. 

However, the indent in the center of deformed notch (as shown in Figure 5.5 
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b)), is smaller than the undeformed one, strongly indicating a hardness 

increase in the notch region. In addition, a large number of pile-ups are found 

around the indent. For the annealed sample (as shown in Figure 5.5 c)), pile-

ups can also be found but less than those found in deformed sample. The size 

of indents measured by SEM and the tested hardness values are mutual 

agreement. 

 

Figure 5.5 SEM images of the indent morphology. a) 2 mm away 

from the center of a 7% plastically deformed sample, b) center of the 

corresponding 7% plastically deformed sample, c) 573 K annealed 

sample. 
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pile-up
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5.2.2 Densification characterized by DSC 

 

In order to investigate the reasons for the hardening after homogeneous 

deformation, samples experienced different amount of plastic deformation 

were subjected to DSC study.  Since all the samples are prepared from the 

cylindrical rod shape, there is a gradient of structural change from the center 

to the outer surface of the sample induced by different cooling rate. To rule 

out the influence of cooling rate induced structural difference, the DSC result 

of a deformed sample is compared with that of an undeformed reference with 

the same diameter. The morphologies of the deformed sample and 

undeformed sample for DSC testing can be seen in Figure 5.6. 

 

Figure 5.6 SEM images of the samples for DSC testing. a) a 

plastically deformed sample, b) an undeformed reference. 
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Figure 5.7 shows the DSC curves of as-cast, deformed samples and 

annealed samples. The corresponding thermal properties measured by DSC 

are summarized in Table 5.2.  

 

Figure 5.7 DSC curves of the plastically deformed and annealed 

samples. 

 

Results show the reduction in exdothermic heat as plastic deformation 
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proportional to the annihilation of excess free volume [165]. The relaxation 

enthalpy decrases to 5.9 J/g and 4.4 J/g for the 2% and 10% plastically 

deformed samples. This is a strong indication of free volume reduction 

(densification) in the sample due to plastic deformation, which is in sharp 

contrast to free volume increase due to plastic deformation studied before 

[139, 166, 167]. To the best of our knowledge, such densification of BMG 

induced by tensile stress has never been reported before. The free volume 

reduction is consistent with the hardness measurement. 

Table 5.2 Thermal properties of the as-cast, annealed and plastically 

deformed samples corresponding to Figure 5.7. 

 

 

Figure 5.8 shows the variation of normalized relaxation enthalpy and 

Vickers hardness as a function of plastic strain. The normalized relaxation 

enthalpy exhibits a decreasing trend as the plastic strain increases, while the 

hardness exhibits an increasing trend. Such correlation between relaxation 

Sample Tg (K) ΔHr(J/g)

As-cast 646 7.1

473 K/30mim 646 4.8

523 K/30min 647 2.4

573 K/30min 653 0.08

εp=2 % 646 5.93

εp=10 % 646 4.4
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enthalpy and hardness with plastic strain is radically different from the 

previous studies, where strain softening is usually observed [168-171]. The 

results strongly suggest that strain induced hardening and desificaiton are the 

dominant phenomena. 

 

Figure 5.8 Variation of Normalized relaxation enthalpy and Vickers 

hardness as a fuction of plastic strain. 
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5.3 Discussion 

 

5.3.1 The possibility of crystallization of BMGs during plastic 

deformation 

 

BMGs generally fail in a brittle manner without any macroscopically 

ductility under quasistatic tensile loading at room temperature [53]. So far, 

significant tensile ductility has been reported only for small scale samples 

(around 100 nm) [104, 172, 173], and no mechanisms for strain hardening have 

been established. For the small samples, Deng et al. demonstrated that nano 

sized crystals were dectected during the plastic deformation [172]. On the 

other hand, Pauly et al. recently reported that detectable tensile plastic strain 

(~0.5%) as well as strain hardening phenomenon were found in developed 

CuZr-based BMGs [174]. They attributed the strain hardening phenomenon to 

the formation of nanocrystals during plastic deformation. Based on the above 

arguments, therefore, for the current work, it is of paramount importance to 

see if the strain hardening is induced by formation of nanocrystals.  

Figure 5.9 shows TEM images of as-cast and deformed samples. It shows 

typical characteristics of amorphous structure, and the corresponding selected 

area electron diffraction (SAED) pattern shows halo ring for each sample. 
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Therefore, it can be concluded that the strain hardening berhavior found in 

our study is not due to the formation of nanocrystals during the plastic 

deformation. 

 

 

Figure 5.9 TEM images of as-cast, 2% plastically deformed and 7% 

plastically deformed sample. 
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5.3.2 Comparison between thermal annealing and mechanical 

annealing for BMGs 

  

The influence of thermal annealing, which induces structural relaxation 

and sometimes partial crystallization in BMGs, has been widely documented 

[175-177]. During thermal annealing, the excess free volume is removed and 

causes structural relaxation of BMG. Generally, the microhardness of BMG 

increases as the annealing temperature increasing below Tg. As further 

increasing the annealing temperature, crystallization may occur. The 

micohardness change above Tg is not discussed in this work. To the best of 

our knowledge, the reported maximum hardness increase for the annealing 

sample is 13% higher than the as-cast sample [177].  

On the other hand, mechanically induced structure change and thus has 

been reported in the nano-structured metals before, e.g. by indentation [178, 

179] and tensile test [180-182]. Such an annealing behaviour has been also 

reported in metals of nano-structured materials where high stress can cause 

grain growth [183], elimination of dislocations [184, 185]. This is due, no 

doubt, to the large excess energy associated with grain boundaries in nc 

materials which is expected to cause instability in their nc grain size 

distributions. Evolution towards equilibrium can be driven, or promoted, by 

stress during deformation. Similarly metallic glasses are also in a thermally 
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non equilibrium state and mechanically it is therefore possible that 

mechanically driven structure can happen in metallic glasses, as long as the 

condition is right, i.e. high tensile stress and without shear banding. This is 

not seen before as the shear band dominate the deformation mechanism, thus 

it was hidden disguised the true mechanical phenomenon. The reason for us 

not to see this before is because the early premature shear banding denied our 

chances, it is not that the MG is not capable of hardening. It is known that 

metallic glasses upon annealing, volume reduction can happen. This shows 

that metallic glasses, can be densified mechanically just like other amorphous 

materials.  

Based on the above argument, we speculate that in this tensile 

confinement condition the excess free volume is removed by the high tensile 

stress, which is consistent with the DSC result presented in section 5.2.2. The 

comparision between thermal annealing and mechanical annealing on 

microhardness of BMG is illustrated in Figure 5.10. It shows that mechanical 

annealing is somewhat more effective in increasing the hardness than thermal 

annealing. However, the maximum hardness induced by mechanical 

annealing is almost equal to that induced by thermal annealing, indicating a 

complete relaxation of the structure. 
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Figure 5.10 Variation of Vikers hardness as a function of reduced 

relaxation enthalpy. 

 

5.3.3 Strain hardening mechanism in BMG 
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more space and the packing density is not high. But for metallic glasses, any 

plastic deformation will cause increase in free volume. Even at high 

temperature, creep will cause increase in free volume [188].  

The only few cases, where possible densification or strain hardening are 

reported, are either in small samples [173], or induced not by tensile stress 

[189, 190]. Our case is completely different, clearly increase in free volume 

for the first time is reported. Such a phenomenon may have presented in the 

deformed sample before, for example in heavily compressed or rolled 

specimens where multiple shear bands formed and the softening and 

hardening hehaviours may co-exist. This is to say that while the materials 

softening in the shear band while rest of materials, at least parts of them 

harden. The hardening phemonenon is hidden either by the fact that shear 

banding force premature failure at low stress, or the deformed part is difficult 

to be separated with the shear band region. Our study shows that as long as 

shear banding is prevented, the region may harden. The discovery of 

hardening will certainly let us to rethink or reinterpretate the mechanical 

behaviour of metallic glasses. 
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5.4 Conclusion 

 

Tensile ductility induced strain hardening and densificaiton of BMG have 

been investigated. The major conclusions can be drawn as follows: 

(1) The hardness of the deformed sample increases as the plasticity 

increasing, which is radically different as compared with the strain 

induced softening commonly reported in literature. The maximum 

hardness increase is about 13 % higher than the as-cast sample, which 

is equivalent to the maximum hardness incease induced by thermal 

annealing.  

(2) The DSC resutls show a redcution in the relaxation enthalpy after 

plastic deformation, indicating a decrease in excess free volume. The 

maximum relaxation enthalpy redcution is about 40 % lower than the 

as-cast sample. The relaxation enthalpy redcution induced by 

mechanical deformation is somewhat more effective than that induced 

by thermal annealing. 

(3) The possibility of nanocrystallization during plastic deforamtion is 

discussed. TEM resluts show that the strain hardening in this study is 

not induced by the formation of nancrystals during plastic deformation. 
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(4) The mechanism of strain hardening is attributed to densificaiton of the 

structure induced by high level of tensile stress. 
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Chapter 6 

 

6 Concluding remarks 

 

6.1 Summary of this thesis 

 

This dissertation explored the mechanical properties of a bulk metallic 

glass under tensile confinement condition, aiming to provide an in-depth 

understanding on strength, ductility and fracture of metallic glasses. The 

tensile confinement condition was created by fabrication of tensile samples 

with variant geometries. It was firstly revealed by this thesis that the 

mechanical properties of BMGs under confinement condition were in stark 

contrast with those of unconfined condition. The main results of this thesis are 

summarized as follows: 
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(1) The tensile plasticity of BMGs under confinement condition was 

examined. It was found that tensile plasticity increased with increasing 

the severity of confinement condition, showing a trend of continuous 

increase. This is contrary to the previous study which reported a 

decreasing trend of plasticity as increasing the stress state parameter. A 

possible explanation is that the material utilized in this study is a tough 

BMG, and the influence of defects such as micro-voids and micro-

cracks can be minimized. It was also found that permanent 

homogeneous tensile plasticity can reach as high as 10 %, tensile 

elongation before fracture can reach up to ~30%, which were both 

much larger than those of unconfined BMGs. It indicates that a tough 

BMG can be even tougher under complex stress state. The unexpected 

tensile plasticity exhibited by BMGs under confinement condition 

provides a useful guideline for engineers in selection of BMGs as 

structural materials.  

(2) The strength of BMGs under tensile confinement was systematically 

investigated. It was revealed that the tensile strength increased with 

increasing the stress state parameter, and the highest tensile strength 

was up to 3.6 GPa, which is comparable to that computed from 

Griffith’s theory. This value is approximately E/20 (where E is Young’s 
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modulus), approaching the theoretic strength limit and placing this 

BMG among the highest strength materials. The fracture of BMGs 

under variant stress state was examined from a fractography point of 

view. It was found that the main feature of the fracture surface under 

uniaxial tension was the radiating vein and core structure, and the 

fracture was by shear banding. When decreasing the aspect ratio of the 

tensile specimen, the main fracture feature changed into the shearing 

and tensile ‘dimple-like’ combined structure, and the fracture angle 

decreased. With further decreasing the aspect ratio, the fracture surface 

exhibited the feature like that of a ductile metal, and ‘dimple-like’ 

structure and micro-cracks were observed on the center of the sample. 

Such fracture morphology evolution provides insights not only for 

understanding fracture mechanism but also for analyzing the failure of 

BMG component. 

(3) The strain hardening and densification of BMGs were studied. The 

microhardness test showed approximately 10% increase in hardness. In 

addition, DSC results also demonstrated that the relaxation enthalpy 

was decreased with increasing the deformation strain. These results are 

in sharp contrast to the previous observations of deformation induced 

‘strain softening’ in metallic glasses, where the deformation strain is 

accommodated by abundant shear bands. Since the confinement 
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condition is created in this study, the shear banding instability can be 

delayed and the radically different mechanism can be revealed. The 

results indicate BMGs can behave like ductile materials if shear 

banding can be delayed or even eliminated. This study is the first to 

provide the definitive prove that deformation induced hardening can 

occur in monolithic BMGs, and is of paramount importance for 

fundamental understanding of deformation mechanism.  

 

6.2 Future work 

 

In this thesis, the mechanical properties of BMGs under tensile 

confinement condition were systematically studied and several original 

findings were unveiled. These findings are of crucial importance for 

understanding the nature of the deformation mechanism in metallic glasses, 

and supporting the application of BMGs as engineering materials. Based on 

the experimental results obtained, discussion presented and conclusion 

drawn from this research work, the following possible avenues towards 

future work are pointed out below.  

(1) The metallic glass used in this study was a Zr-based bulk metallic glass 

and it exhibited totally different behavior under the tensile 
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confinement condition, such as higher strength, strain-hardening 

behavior and ‘dimple-like’ fracture morphology. It would be 

interesting to see whether it is applicable to BMGs containing other 

main elements under the tensile confinement condition. For example, 

ductile BMG system like Pt- and Pd-, and brittle BMG systems such as 

Fe- and Mg-based BMGs are highly recommended. 

(2) Various tensile confinement conditions were created in this study. A 

quantitative comparison requires the establishment of multiaxial 

mechanics. The best possible approach would be to use finite element 

analysis to establish the stress states under tension confinement 

conditions in quantitative terms. 

(3) The essence of the tensile confinement method adopted in this study 

was to delay the instability of shear banding. For BMG, it is more 

prone to tensile shear instability than compressive shear instability. 

Therefore, the mechanical properties of BMGs under compressive 

confinement condition should be better. Future research should 

attempt to address the compressive properties under confinement 

condition. 
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