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a b s t r a c t

Bulk metallic glass (BMG) provides plentiful precise knowledge of
fundamental parameters of elastic moduli, which offer a bench-
mark reference point for understanding and applications of the
glassy materials. This paper comprehensively reviews the current
state of the art of the study of elastic properties, the establishments
of correlations between elastic moduli and properties/features, and
the elastic models and elastic perspectives of metallic glasses. The
goal is to show the key roles of elastic moduli in study, formation,
and understanding of metallic glasses, and to present a compre-
hensive elastic perspectives on the major fundamental issues from
processing to structure to properties in the rapidly moving field.

A plentiful of data and results involving in acoustic velocities,
elastic constants and their response to aging, relaxation, applied
press, pressure and temperature of the metallic glasses have been
compiled. The thermodynamic and kinetic parameters, stability,
mechanical and physical properties of various available metallic
glasses especially BMGs have also been collected. A survey based
on the plentiful experimental data reveals that the linear elastic
constants have striking systematic correlations with the micro-
structural features, glass transition temperature, melting tempera-
ture, relaxation behavior, boson peak, strength, hardness, plastic
yielding of the glass, and even rheological properties of the glass
forming liquids. The elastic constants of BMGs also show a correla-
tion with a weighted average of the elastic constants of the constit-
uent elements. We show that the elastic moduli correlations can
assist in selecting alloying components with suitable elastic moduli
for controlling the elastic properties and glass-forming ability of
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the metallic glasses, and thus the results would enable the design,
control and tuning of the formation and properties of metallic
glasses.

We demonstrate that the glass transition, the primary and sec-
ondary relaxations, plastic deformation and yield can be attributed
to the free volume increase induced flow, and the flow can be mod-
eled as the activated hopping between the inherent states in the
potential energy landscape. We then propose an extended elastic
model to understand flow in metallic glass and glass-forming
supercooled liquid, and the model presents a simple and quantita-
tive mathematic expression for flow activation energy of various
glasses. The elastic perspectives, which consider all metallic glasses
exhibit universal behavior based on a small number of readily
measurable parameters of elastic moduli, are presented for under-
standing the nature and diverse properties of the metallic glasses.

� 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Glassy state, which is a universal property of supercooled liquids if they are cooled rapidly enough,
is regarded as the fourth state of matter [1–5]. The mysterious glass transition phenomenon, which
connects the liquid and glassy states, is related widely to daily life, industry, materials preparation,
organism preservation and a lot of natural phenomena. However, the exact and comprehensive phys-
ical understanding of the glass transition and glass natures is considered to be one of the most chal-
lenging problems in condensed matter physics and material science. Due to the random disordered
structure, the characterization of the glasses are very difficult, and this leads to problems for under-
standing the formation, deformation, fracture, nature, and the structure–properties relationship of
the glasses [1–18].

Metallic glass, which is a newcomer in glassy family (discovered in 1959) and at the cutting edge of
current metallic materials research, is of current interest and significance in condensed matter phys-
ics, materials science and engineering because of its unique structural features and outstanding
mechanical, many novel, applicable physical and chemical properties [11,14]. Metallic glasses have
also been the focus of research advancing our fundamental understanding of liquids and glasses
and provide model systems for studying some long-standing fundamental issues and have potential
engineering and functional applications. The recently developed bulk metallic glass (BMG) forming
systems are complicated multicomponent alloys that vitrify with remarkable ease during conven-
tional solidification. The BMGs represent a novel and exciting group of metallic materials with many
favorable and applicable properties as compared to their crystalline counterparts. Their unique com-
binations of mechanical, physical, tribological and chemical properties are of current interest and
importance [1–15]. It is known that the structure determines the properties of a crystalline material,
while in the metallic glasses, due to the random atomic structure in long-range [16–18], the difficult
for characterizing of the structural disordered glasses leads to problem for understanding the forma-
tion and the structure–properties relationship of the metallic glasses [1–18]. Therefore, the birth of the
novel metallic glasses also presents a lot of unresolved issues, outstanding questions and challenges.
The following is key questions that represent fundamental issues critical for metallic glasses. These
issues include:

(1) Where and why does metallic liquid end and glass begin? How could liquid suddenly stop mov-
ing while approaching glass transition temperature Tg? How does structure connect to dynam-
ics as they give rise to dynamical heterogeneity, fragility, aging and rejuvenation? So far, the
understanding of these common phenomena in glass is still fragmentary. The fundamental
studies on the rheology, dynamic, and nature of glasses is one of major drivers for research
cite this article in press as: Wang WH. The elastic properties, elastic models and elastic perspectives of
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Nomenclature

BMG bulk metallic glass
MG metallic glass
GFA glass-forming ability
GFR glass-forming composition range
EOS equation of state
RT room temperature
STZ shear transformation zone
BP boson peak
q density of matter
g(r) pair distribution function
M mass per molar
Cg atomic packing density
r stress
rF fracture strength
ry yield strength
e strain
s shear stress
sy yield shear strength
c shear strain
Kc fracture toughness
Gc fracture energy
Hv Vicker’s hardness
r position vector before the deformation
u displacement vector
V volume
Vm average molar volume
Va atomic volume
P pressure
T temperature
t time
g viscosity
sR relaxation time
x frequency
K bulk modulus (or modulus of compression)
v compressibility
K1 instantaneous bulk modulus
E Young’s modulus
Q�1 internal friction
G shear modulus (modulus of rigidity)
G1 instantaneous shear modulus
G0 storage modulus
G00 loss modulus
m Poisson’s ratio
cG Grueneisen constant
vl longitudinal acoustic velocity
vs transverse acoustic velocity
DE activation energy
qE the flow activation energy density
a thermal expansion coefficient
Tg glass transition temperature
Tx crystallization temperature
Tm melting temperature
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Tl liqudus temperature
Tf fictive temperature
TK Kauzmann temperature
T0 kinetic ideal glass transition temperature or VFT temperature
Tc crossover temperature
Trg reduced glass transition temperature (=Tg/Tl)
DT supercooled liquid temperature region, DT = Tx � Tg

Cp or CV specific heat
hD Debye temperature
hE effective Einstein temperature
m fragility
kB Boltzmann constant
NA the Avogadro constant
h Planck constant
DSC differential scanning calorimeter
DTA differential thermal analysis
XRD X-ray diffraction
TEM transmission electron microscope
SEM scanning electron microscope
DMA thermal mechanical analyzer
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on the metallic glasses, which are regarded to have the simplest atomic structure in glass fam-
ily. The study will further the understanding of above subjects on glass dating from ancient
times [9].

(2) What physical factors determine the glass-forming ability (GFA) in an alloy? What are the uni-
versal aspects of glass formation, and what accounts for these universal aspects? What factors
suppress or affect crystal nucleation in multi-component alloy systems? The structural trans-
form upon changes in thermodynamic and processing variables, and correlations of local atomic
structures, electronic structures, and atomic motions with GFA still remain unclear. How can
one predicts the composition with excellent GFA and search new metallic glass system and
composition in smart way? Many empirical criteria correlating with thermodynamic parame-
ters were proposed to predict the GFA of the metallic glass-forming alloys, while these criteria
cannot predict the universal GFA, and are difficult to be applied to searching new metallic glass
in practice. Despite the identification of a vast range of metallic glasses and applications, the
development of methods and criterion for rationally designing metallic glasses with excellent
GFA reaching or approaching that of oxide glasses and desirable physical and mechanical prop-
erties is still a challenge [8–10,17–20].

(3) The metastable nature of the metallic glasses imposes a barrier to broad commercial and indus-
try applications, and one of the main challenges is to avoid crystallization and aging during pro-
cessing, annealing and applications. Hence, the understanding of the crystallization and aging
processes is necessary to develop fabrication processes and to process and apply bulk metallic
glasses. What is the nature of the crystallization and ageing mechanisms, and how do the effects
of heterogeneities on the crystallization kinetics, and the thermodynamic and dynamic aspects
of aging? What factors suppress or affect crystal nucleation and growth in glass alloy systems?
All of the issues have to be deeply studied. The research on the crystallization of metallic glasses
can uncover the nucleation and growth in supercooled liquid and find novel processing oppor-
tunities for the metallic glasses. The aging and crystallization studies are important both for
applications and understanding of metallic glasses.

(4) How to characterize and model the metallic glassy structure, and how do the atoms and clusters
pack in metallic glasses with liquid-like metastable structure? What are the structural and elec-
tronic features and characteristics of metallic glasses? And how does the structure determine
Please cite this article in press as: Wang WH. The elastic properties, elastic models and elastic perspectives of
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the properties of glasses? How to characterize and model the structural heterogeneity or
‘‘defects’’? And what is the relation between the static heterogeneity and dynamic heterogene-
ity? What is microstructure origin of structural relaxation and aging, physical and mechanical
properties of metallic glasses? All of them are key topic in this field [16]. Many metallic liquids
can be deeply supercooled without crystallizing and subsequently to form metallic glasses,
while fundamental understandings of the atomic arrangements in supercooled metallic liquids
are still lacking. To understand the structure of the supercooled liquid, one needs to identify dif-
ferent types of topological structural ordering, and monitor hierarchical structural ordering of
supercooled liquids temporally and spatially, and uncover the correlations between atomic
packing schemes and the dynamic slowing-down, liquid fragility, glass forming ability, etc. of
the supercooled liquids. To reveal the details of atomic-level structural evolution and local
atomic rearrangement in metallic liquids would advance the understanding of the structural
underpinnings of the vitrification process of supercooled metallic liquids.

(5) Compared with conventional crystalline metals and alloys, non-crystalline metallic glasses
show higher strength and yet can still sustain plastic flow (permanent strains and shape
changes). The plasticity of crystalline metals is well known to be carried by structural defects
such as dislocations or grain boundaries. How does metallic glass respond to the application
of mechanical stresses or other external applied energy both at and far below the glass transi-
tion? In contrast, the corresponding plastic flow mechanism in metallic glasses remains largely
unresolved. Under imposed stresses, there should be preferential ‘‘flow defects’’ or ‘‘plastic
units’’ generated which carries the plastic strain, and there must be structural origins responsi-
ble for the localized basic flow events. The locations of fertile and liquid-like sites, the initiation
and percolation for the cooperative flow events under stresses or other external activations
have not been identified based on specific local structural and dynamical properties, including
the degree of local order and symmetry, atomic-site stresses and free volume content. How do
we identify the ‘‘flow defects’’? The atomic flow mechanisms (the triggering events and coop-
erative atomic shear/shuffling), the localized flow size (number of atoms involved) and the fer-
tility or propensity of local atoms for flow, the evolution of the short-to-medium range order
during the flow and in the flow state, and the percolating behavior of localized flow events lead-
ing to later shear banding still remain unclear. The flow barrier and its dependence on local
structure and properties is a key issue for deformation in metallic glasses. The deformation
events in metallic glasses involves in large range of length scale from atomic scale of free vol-
umes, to nano-scale of plastic units (or shear transformation zone) and medium-range order
change, to micrometer scale shear bands. How to characterize the changes of local structures
in different length scales upon plastic deformation both at and far below the glass transition,
the connection and correlation among these flow events in different length scales, the nature,
operation and propagation of the shear bands, and how to overcome the shear band problem
and make the metallic glasses ductile and tough, and the intrinsic mechanisms of the plastic
deformation and record high strength in metallic glasses are still challenges [1,2,21–24].

With the development of more and more bulk metallic glass systems, the acoustic measurements
are widely applied to study their acoustic and elastic properties and determine the elastic moduli as
well as their composition, processing, cooling rate, temperature, pressure, aging time, creep and exter-
nal stress dependences of the metallic glasses. Plentiful data on the elastic properties of the metallic
glasses were accumulated and a lot of interesting experimental phenomena were observed. Combin-
ing with the plentiful elastic moduli data of non-metallic glasses, remarkable links among the elastic
moduli and thermodynamic, kinetic, and property parameters are found. These elastic correlations
should have common structural and physical origins, and the key challenge now is to understand
these correlations and exploit such understanding to develop new glass systems and compositions
that combine excellent glass-forming ability with desirable properties. The correlations with other
properties and features of metallic glasses, and the elastic models provide insight into above long-
standing issues of the glasses and are also useful for new metallic glasses design and searching. Some
elastic models have been proposed based on the elastic data and correlations to understand the nature
of the glasses. More and more evidences show that the elastic moduli, which can be easily measured
Please cite this article in press as: Wang WH. The elastic properties, elastic models and elastic perspectives of
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by experiments due to the macroscopically isotropic feature of the metallic glasses, are key parame-
ters for developing, characterizing, toughening and understanding the metallic glasses, and they are
the key physical quantity for controlling the main thermodynamic and kinetic, intrinsic static struc-
tural heterogeneity, mechanical and dynamic properties. Elastic model and elastic perspectives pro-
vide deep insight into above listed issues in the metallic glasses.

The purposes of this review paper are to comprehensively review and summarize the recent elastic
properties studies of the metallic glasses and the established elastic moduli correlations and elastic
models. Based on the elastic moduli data, the found correlations, the elastic models on supercooled
liquid and glasses and other experimental observations, we try to understand, characterize and dis-
cuss the issues on the formation, glass transition, crystallization, stability, relaxation, structural and
dynamic features, physical and mechanical properties and other found phenomena of the metallic
glasses by using the elastic moduli as the key parameter. We propose an extended elastic model
and elastic perspectives on above issues in metallic glasses and argue that the various metallic glasses
exhibit universal behavior based on a small number of measurable parameters of elastic moduli. We
show that a genuine understanding of these issues based on elastic properties, elastic model can assist
in selecting alloying components for controlling the elastic properties and GFA of the metallic glasses,
and thus can guide the new metallic glasses design and process, and should also make it possible to
optimize properties of metallic glasses.

The paper consists of 14 parts. The first part is a brief introduction on the main issues in this field
and on the purpose and the structure of the paper. The second part briefly introduces the general the-
ory of elasticity for solid, the physical origin for the elasticity and its relationship with energy land-
scape, and describes how to characterize the elasticity of a solid especially the homogeneous and
isotropic solid. The description of how to determine the elastic moduli in an isotropic solid is also pre-
sented. To describe the elasticity of supercooled liquid or liquid, the concept of instantaneous elastic
moduli is introduced. The instantaneous elastic moduli are measured on short time scales or a high-
frequency disturbance where the liquid does not have enough time to flow. Then, we briefly introduce
the theory of elastic properties in the equilibrium liquids and supercooled liquids. These theories are
basis for characterizing and understanding the elastic properties and elastic models of the metallic
glass-forming liquids and glasses.

Part 3 describes the experimental measurements of the elastic moduli in metallic glasses and other
non-metallic glasses with isotropic structure. In particularly, the ultrasonic methods for the elastic
moduli measurement in ambient conditions, under high pressure, under high or low temperature
are systematically introduced. And the significance information on the metallic glasses one can get
from the ultrasonic study is also summarized.

In part 4, the elastic moduli data compilation for available metallic glasses so far is presented. The
elastic moduli of various metallic glasses are carefully analyzed, classified and characterized, and are
compared with that of their crystalline counterparts and other typical non-metallic glasses. These data
provide the basis for establishing the elastic correlation and elastic model.

In parts 5–7, the temperature, pressure and relaxation (or ageing) time dependences of elastic
moduli of typical bulk metallic glasses are presented and are compared with that of their crystalline
counterparts and other typical non-metallic glasses. These elastic moduli data demonstrate unique
features of the metallic glasses under pressure and low or high temperatures, and show the influence
of ageing effect on the physical and mechanical properties of metallic glasses. The studies also provide
the information about equation of state, atomic configurations, excitations in the metallic glassy solids
including the anharmonicity of the atomic vibrations, the density of electron states at the Fermi level
and the shape of the Fermi surface, and the activation barriers for thermally activated relaxations.

After giving an overview of the basic experimental facts of the elastic property study, the paper in
parts 8–9 attempts to correlate the elastic moduli of the metallic glasses to their microstructure, for-
mation, glass-forming ability, stability, crystallization behavior, glass transition, thermodynamic and
kinetic features, mechanical and physical properties, and rehology of the glass-forming liquids. It is
shown in these parts that the linear elastic moduli have correlations with the microstructure, glass
transition temperature, relaxation, GFA, melting temperature, strength, hardness, plasticity and
toughness, and even the fragility of the glass forming liquids. Meanwhile, the elastic constants of
available BMGs show a rough correlation with a weighted average of the elastic constants for the
Please cite this article in press as: Wang WH. The elastic properties, elastic models and elastic perspectives of
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constituent elements. In part 10, we summarize various correlations in metallic glasses among elastic
moduli and features and properties. The physical origins for these correlations are discussed.

Based on these found elastic correlations, in part 11, the plausible elastic moduli criterion is pro-
posed for searching metallic glasses. It is demonstrated that the elastic correlations as well as the elas-
tic criterion can assist in BMG design and exploration.

In part 12, the prevailing elastic models for supercooled liquids and glasses are introduced, and an
extended elastic model for flow in metallic glasses is proposed. It is shown that the extended elastic
model is in remarkable agreement with a variety of experimental observations and offers a simple sce-
nario for explaining some correlations between elastic constants and properties and for understanding
the nature of the metallic glasses.

In part 13, attempt is made to understand some puzzles and fundamental issues in metallic glasses
based on their elastic properties, the elastic correlations and the elastic models. The roles of elastic
moduli as the key parameters for developing, characterizing, toughening and understanding the
metallic glasses and their forming liquids are emphasized. The elastic perspectives on the formation,
GFA, the thermodynamic and kinetic aspects, intrinsic static structural and dynamic heterogeneities,
mechanical and physical properties of the metallic glasses are suggested. The review paper ends with
summary and outlook in part 14.
2. The brief description of the theory of elasticity

2.1. The characterization of elastic properties of solids

The mechanics of solids, regarded as continuous media, forms the content of the theory of elastic-
ity. The macroscopic behavior of a solid is described by a continuum field theory, the theory of elas-
ticity, which describes the way a solid deforms when external stresses are applied [25]. Under the
action of applied stress, solid body exhibits shape and volume changes to some extent, and every point
in the solid body is in general displaced. Let the position vector before the deformation be r, and after
the deformation has a value r0 with component xi. The displacement of this point due to deformation
then given by the displacement vector u = r � r0 or ui ¼ x0I � xi. If uij(x1,x2,x3) is the jth component of
the displacement at point (x1,x2,x3), the strain tensor for small deformations is
Please
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uij ¼
1
2

@ui

@xj
þ @uj

@xi

� �
ð2:1Þ
When a deformation happens, the body ceases to be in its original state of equilibrium, and the
forces, which are called internal stresses, therefore arise which tend to return the body to its equilib-
rium state. If the deformation of the body is fairly small, it returns to its original undeformed state
when the external forces cease to act. Such deformations are elastic. For large deformations, the re-
moval of the external forces does not result in the fully recovery of the deformation. Such deforma-
tions are plastic [25]. For an isotropic solid, in elastic deformation case, the stress tensor in terms of
the strain tensor can be expressed as [25]:
rij ¼ Kulldij þ 2Gðuij � dijull=3Þ ð2:2Þ
where K (in many text books, a different notation B is used) is bulk modulus, and G (in many text
books, a different notation l is used) is shear modulus. The bulk modulus describes the strain response
of a body to hydrostatic stress involving change in volume without change of shape. The shear mod-
ulus relates to strain response of a body to shear or torsional stress. It involves change of shape with-
out change of volume.

For an isotropic solid, its elastic behavior is fully described by the longitudinal modulus (L = c11)
and shear modulus (G = c44). Between the components of the related elastic stiffness tensor, the iso-
tropic relation [26]: c11 = c12 + 2c44. If in addition the atoms interact through a central potential, the
Cauchy identity c12 = c44 may hold, and then, one obtains a reduction to only one independent elastic
constant c11 = 3c44 (or L = 3G). The Cauchy’s identity, valid for an isotropic solid composed of molecular
interacting with two-body central force, can also be stated as:
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G ð2:3Þ
which implies that L and K are equal to 0 when G = 0. For the Lennard Jones interaction potential, this
identity changes to, L = a + bG, where a and b are constants. This leads to the relation,
K ¼ aþ ðb� 1:333ÞG ð2:4Þ
which is known as the generalized Cauchy relation. Its parameters a and b remain constant with
changing temperature and pressure, but are sensitive to small changes in the potential. This relation
is valid for both liquids and glasses [25]. Recently, a generalized Cauchy relation was observed to hold
in supercooled liquids and can be expressed as: c11(T) = Bc44(T) + A, where B and A are constants inde-
pendent of T and P within their range involving the glass transition [26].

For minor deformation, the uij is a linear function of the rij. That is, the deformation is proportional
to the applied forces. This law is called Hooke’s law, which is actually applicable to almost all elastic
deformations in solids [25]. In simple case of homogenous deformations in which the strain tensor is
constant throughout the volume of the body, the stress tensor is given in terms of the train tensor by
rij ¼
E

1þ m
uij þ

m
1� 2m

ulldij

� �
ð2:5Þ
where E is the modulus of extension or Young’s modulus. Young’s modulus is named after Thomas
Young (the 19th century British scientist). However, the concept was developed in 1727 by Leonhard
Euler, and the first experiment that used the concept of Young’s modulus was performed by the Italian
scientist Giordano Riccati in 1782 [25]. Young’s modulus, also known as the tensile modulus, is a mea-
sure of the stiffness of an isotropic elastic material. It is defined as the ratio of the uniaxial stress over
the uniaxial strain in the elastic regime. This can be experimentally determined from the slope of a
stress–strain curve created during tensile or compression tests conducted on a material. Young’s mod-
ulus is also commonly, but incorrectly, called the elastic modulus or modulus of elasticity, because
Young’s modulus E is the best-known elastic constant, which is most commonly used in engineering
design. There are other elastic moduli, such as the bulk modulus and the shear modulus. The E can be
given in terms of G and K by:
E ¼ 9KG=ð3K þ GÞ ð2:6Þ
The ratio of the transverse compression to the longitudinal extension is called Poisson’s ratio, m,
named after Siméon Poisson. Poisson’s ratio is an important material property used in elastic analysis
of material. When a material is compressed in one direction, it usually tends to expand in the other
two directions perpendicular to the direction of compression. This phenomenon is called the Poisson
effect. Poisson’s ratio m is a measure of the Poisson effect. The m is the ratio of the fraction of expansion
divided by the fraction of compression (for small values of these changes). In stretch case of a solid
rather than the compression, the Poisson ratio will be the ratio of relative contraction to relative
stretching, and will have the same value as compression case. The relation of Poisson’s ratio with other
elastic constants is (for isotropic solids):
m ¼ 1
2
ð3K � 2GÞ=ð3K þ GÞ ð2:7Þ
Since K and G are always positive, the Poisson’s ratio can vary between �1 (for K = 0) and 0.5 (for
G = 0), that is �1 6 m 6 0.5. One might see Poisson’s ratios larger than 0.5 reported in the literature,
however, this implies that the material was stressed to cracking. Generally, ‘‘stiffer’’ materials will
have lower Poisson’s ratios than ‘‘softer’’ materials. While only in very rare cases, a material will actu-
ally shrink in the transverse direction when compressed (or expand when stretched) which will yield a
negative value of the Poisson’s ratio.

The G and K can also be given in terms of E and m by:
G ¼ E=2ð1þ mÞ ð2:8Þ
K ¼ E=3ð1� 2mÞ ð2:9Þ
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The quantity 1/K is called coefficient of compression v:
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v ¼ 1
K
¼ � 1

V
@V
@P

� �
T

¼ �@ðln VÞ
@P

����
T

ð2:10Þ
The elastic properties of a solid body are temperature dependent. Deformations can occur accom-
panied by a change in temperature of the body either as a result of the deformation process itself or
from external causes. Among the various types of deformations, isothermal and adiabatic deforma-
tions are of importance. In isothermal deformation, the temperature T of the body does not change,
the K, E, G, and m therefore can be called isothermal moduli. If there is no exchange of heat between
the various parts of the body, the deformation is called adiabatic, and the adiabatic moduli are labeled
to be Ead, Kad, Gad, and mad. The relations between adiabatic and isothermal moduli are [25]:
1=Kad ¼ 1=K � Ta2=Cp ð2:11Þ
Gad ¼ G ð2:12Þ

Ead ¼
E

1� ETa2=9Cp
ð2:13Þ

mad ¼
mþ ETa2=9Cp

1� ETa2=9Cp
ð2:14Þ
where a is the thermal expansion coefficient of the solid. This is the Debye–Grüneisen effect of ther-
mal expansion on elastic constants for an isolated configurational state, in which T dependent elastic
behavior arises from the anharmonicity of the vibrational parts of the motion of atoms [27–29]. For
systems with positive thermal expansion the adiabatic K is higher than the isothermal K. The adiabatic
and isothermal shear moduli are always identical. The time dependent elasticity is termed as viscoelas-
ticity [25,30–32].

In isotropic solids, based on the Hooke’s law:

(1) Under the tensile or compressive state, E = r/e, where e is strain. The E reflects the tensile or
compression strain resistance of the materials.

(2) Under the tensile or compressive state, G = s/c, where s is shear stress, and c is shear strain. The
G reflects the tensile or compression shear strain resistance of the materials.

(3) The K reflects the resistance to dilatation caused by the hydrostatic stress state:
K ¼ �P=ð�DV=VÞ ¼ E=3ð1� 2mÞ ð2:15Þ
(4) The Poisson’s ratio, m characterizes the relative value of the compressive and shear deformations
of a solid. For most crystalline metals and alloys, m = 1/3 [32].

For the isotropic solids or mediums, there are only two elastic constants are independent, and the
four elastic constants correlate as [25,32]:
E ¼ 3Kð1� 2mÞ ð2:16Þ

G ¼ E
2ðmþ 1Þ ð2:17Þ
The metallic glasses are macroscopically isotropic in structure and homogeneous in physical and
mechanical properties, and therefore, above equations can be applied to metallic glasses.

2.2. Physical origin for the elasticity

2.2.1. Basis for linear elasticity
The linear elastic behavior is macroscopic manifestation of atomic bonding. The elastic constants or

elastic moduli are of fundamental importance for a material. The K is directly related to the external
force required to compress or extend interatomic distances in opposition to the internal forces that
seek to establish equilibrium interatomic distance. The G similarly represents a distortion or bending
cite this article in press as: Wang WH. The elastic properties, elastic models and elastic perspectives of
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of atomic bonds and does not vary in a direct manner with interatomic spacing as does K, and the E
measures a combination of bond bending and extension/compression. The K (or E) is fundamentally
related to the curvature of the bonding energy-atomic volume curves, and the bonding energy [25,32].

Considering the variation of the internal potential energy of atoms with the interatomic spacing r,
for the linear elasticity, the total potential energy, U, of the system of atoms can be expressed as [32]:
Please
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U ¼ 1
2

X
ij

zUij ð2:18Þ
where Uij is the interaction potential energy between two near-neighbor atoms, and the sum is taken
all the atoms in the solid. The coordination number z represents the number of interatomics each atom
has, and the factor 1/2 is necessary to avoid duplicate counting of interactions. Eq. (2.18) assumes that
interaction between second and third near neighbors is neglectable in determining system potential
energy.

A valuable and commonly used interaction potential energy function between two near-neighbor
atoms with a distance of r is known as the Lennard-Jone potential:
Uij ¼ �
A
rn
þ B

rm
ð2:19Þ
where A, B, n, m are real positive constants which depend on the composition and structure of the
body. The first term on the right-hand side represents the attraction term of the potential, and the sec-
ond term represents the repulsive term. Research indicates that n < m, means that the repulsive part is
more sensitive to r.

The interaction force F(r) of the atoms is:
FðrÞ ¼ � dUðrÞ
r
¼ � nA

rnþ1 þ
mB
rmþ1 ð2:20Þ�
The interatomic spacing for atoms in equilibrium state, r0, that is: F ¼ �dU
dr

���
r¼r0

¼ 0
r0 ¼
mB
nA

� �1=ðm�nÞ

ð2:21Þ
From this potential function the G and K can be given explicitly as known function of internal en-
ergy. The interatomic forces and the structure of a material determine its vibrational properties and
hence its elastic constants. The adiabatic elastic constants are the second derivatives of the internal
energy with respect to strain, and thus depend sensitively on the interatomic potentials. The temper-
ature dependence is related to anharmonic interactions. The instantaneous elastic moduli of a solid or
liquid are determined by the curvature of the potential energy minimum and the anharmonic force
contributions [25].

2.2.2. Elastic properties and energy landscapes
Goldstein [33] proposed a paradigm for vibrational and configurational thermodynamics on collec-

tive motions of molecules systems. In his paradigm, the state point of an ultraviscous liquid explores a
large number of minima in a multidimensional potential energy surface, known as an energy land-
scape [34,35]. The distribution of the energy minima in the landscape (also called the inherent states)
is fixed by the interatomic potential function and volume. A liquid explores a host of configurations at
high temperatures, each with a definite probability. This probability is higher for the deeper energy
minimum corresponding to a more stable configuration. Any change in constituents or interaction
of a liquid varies the energy landscape, and both the vibrational and configurational contributions
to the properties of the system [34,35]. When a liquid is cooled, its state point shifts to a lower-energy
minimum and becomes trapped in one of the deep energy minima. Goldstein [33] reasoned that dee-
per energy minima of lower energy are likely to have a higher curvature and would correspond to a
higher lattice frequency. Dyre and Olsen [36] pointed out that curvature of the energy minimum
would also determine the height of the potential energy barrier and hence the accessibility of another
minimum to a liquid’s state point at a given temperature. Hence, the curvature of the potential energy
cite this article in press as: Wang WH. The elastic properties, elastic models and elastic perspectives of
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minimum, which can be represented by the instantaneous elastic moduli of a material, would deter-
mine both the vibrational and configurational properties. Significant conceptual improvements to re-
late structure and energetics result from employing the concepts of potential energy landscapes (PEL)
to glasses and liquids [34,35,37], or by considering the potential energy as a function of a generalized
configurational parameter space. This allows for a natural interpretation of many materials properties
including elastic properties, fragility [38] or relaxational dynamics [39]. The shape of a potential en-
ergy minimum related to the instantaneous elastic moduli determines accessibility to other minima
at a given temperature, which in turn determines the configurational entropy of the glass. The concept
of PEL is useful for understanding the elastic properties of metallic glasses and for understanding the
correlations between elastic moduli and thermodynamic, kinetic, and other physical properties of
metallic glasses. The flow induced both by temperature and stress in metallic glass and glass-forming
liquids can be modeled as the activated hopping between the inherent states in the potential energy
landscape. The elastic model for describing the flow is established based on the energy landscape
theory.

2.3. Elastic properties in equilibrium liquids and supercooled liquids

2.3.1. Instantaneous elastic constants
The elastic properties of a matter are frequency or time dependent. Even in liquids, the instanta-

neous elastic moduli (both shear and bulk moduli) can be measured on a short time scale or a
high-frequency disturbance where the liquid does not have time to flow. When the probe frequency
is larger than the relaxation frequency, the measured elastic longitudinal and shear moduli become
so-called clamped properties [40]. The frequency-dependent elastic moduli can be related quite gen-
erally to frequency-dependent viscosity coefficients by [41]:
Please
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K- ¼ K þ i-gKðxÞ ð2:22Þ
Gx ¼ ixgGðxÞ ð2:23Þ
where x is frequency, gK, gG are coefficients of shear and bulk viscosities, respectively. At zero fre-
quency, the shear modulus vanishes for liquids, while the bulk modulus does not. At very high fre-
quency (x ?1), limx?1G(x) = G1, even the liquids become solid like and G1 > 0. The high-
frequency limits of the elastic moduli, which are regarded as instantaneous elastic constants, are
determined by the high-frequency limits of the viscosity coefficients. The barrier transition for a ‘‘flow
event’’ or a molecular rearrangement does take place on a very short time scale, so the height of the
energy barrier could well be determined by liquid properties which can be probed on this time scale.
During freezing or vitrification (polymerization) of glass-forming liquids, these clamped moduli be-
have in a strongly nonlinear fashion as a function of temperature or polymerization time. It has been
shown that there exists a linear relation between c111 and c144 over a large temperature or polymeriza-
tion time range [42]. The frequency range of the sound wave is 5–20 MHz, which is at least 1010 times
of the relaxation frequency of metallic glasses corresponding to its viscosity at their glass transition
temperature. Therefore, the elastic moduli obtained by acoustic methods can be roughly regarded
as instantaneous elastic constants.

2.3.2. Elastic properties in the equilibrium liquids and supercooled liquids
The first kinetic theories for viscous flow in liquids are based on the presumption of homogeneous

flow [43] in which the shear modulus is vanishing in similarity to gases [44]. Frenkel [40] is the first to
point out the analogies to solids of a liquid in elastic properties, that is, a nonvanishing shear modulus
at comparable atomic packing densities. When a mechanical force is suddenly applied to a liquid, the
liquid responses elastically at first, just as if it were a solid. That means any liquid is solid-like when
probed on a sufficiently short time scale. In other words, if the measuremental time of elastic proper-
ties of a liquid is shorter than the relaxation time, the liquid, for practical purpose, is a solid, and its
short-time elastic properties can be characterized by the instantaneous moduli of G1 and K1.

The earliest suggestion that the liquid may response elastically to sudden disturbance appears to be
Poisson in 1831. A mathematic expression for this idea was given by Maxwell in 1876 as [45]:
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g ¼ G1sR ð2:24Þ
The Maxwell expression indicates that the shear modulus of liquid can be measured on short time
scales where the liquid does not have time to flow. Theoretical calculations for ideal monoatomic li-
quid metals, based on the assumption of spatial isotropy and two-body central interaction, shows that
the high-frequency K1 and G1 can be expressed as [45,46]:
G1 ¼ qkBT þ 2pq2

15
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0
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dr

r4 dU
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where q is atomic density, g(r), kB are pair distribution function and the Boltzmann constant, respec-
tively. U(r): interaction pair potential. The pressure P is
P ¼ qkBT � 2pq2

3

Z 1

0
r3 dU

dr
gðrÞdr ð2:27Þ
Consequently, the three quantities are related by the linear equation of generalized Cauchy relation
[47]:
K1 ¼
5
3

G1 þ 2ðP � qkBTÞ ð2:28Þ
In the absence of defects and anharmonicity, the Cauchy relation C11 = 3C44 (or equivalently K = 5/
3G) is expected to hold for an isotropic material. However, in simple mono-atomic liquids the high fre-
quency elastic properties are expected to fit the generalized Cauchy relation: C11 = 3C44 + f(T,P) [41]. A
generalized Cauchy relation was found to hold in supercooled liquids near and throughout the glass
transition and also during the aging process of polymerizing liquids and metallic glasses [42,48],
the generalized Cauchy relation is:
C11ðTÞ ¼ BC44ðTÞ þ A ð2:29Þ
In the case of aging T (temperature) is replaced by t (aging time) in the above equation. B and A are
independent of T and P within their range involving the glass transition. It is found that B � 3 for
all very different glass-forming materials [44]. In some cases the degree of deviation from the Cauchy
relation (K = 5/3G) is related to the anharmonicity of the material. The high frequency elastic constants
of the equilibrium liquid were recently estimated in few typical metallic glass-forming liquids [29],
and a value of B = 2.87 is obtained for the linear relation between C11 and C44, which indicates an inter-
esting agreement with the linear relation with B � 3 obtained for very different glass-forming mate-
rials in Ref. [42]. However, more experimental evidences are needed to confirm or discard this
hypothesis in metallic glasses forming liquids.

Krüger et al. [42,48] assumed a first order change of the elastic stiffness coefficients with temper-
ature given by
CxxðTÞ ¼ CxxðT0Þ½1� að1þ 2cxÞðT � T0Þ� ð2:30Þ
where a is the volume expansion coefficient, Cxx is either C11 or C44, cx is either the longitudinal (c1) or
the shear (c4) mode Grüneisen parameters of an equilibrium liquid, and T0 is a reference temperature.
Using the above expression they obtained
A ¼ 2C11ðTgÞ
c4 � c1

1þ 2c4
ð2:31Þ
for the constant term in Eq. (2.29).
It is note that the elastic response of glasses is inherited from the infinite frequency response of the

equilibrium liquid near the Tg. Different structural states of a glass can be described by a fictive tem-
perature Tf, at which the elastic constants of the glass and the liquid have the same value. That is, the
infinite frequency bulk and shear moduli of the liquid become frozen at Tf. Assuming Kglass and Gglass

close to Kliquid
1— ðTf Þ and G1—liquidðTf Þ, and then Tf controls the elastic properties of the glass. The lower
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Tf implies a reduction of the K/G ratio of the glass. If Tf1 < Tf2, then Kliquid
1— ðTf 1Þ=G1—liquidðTf 1Þ

< Kliquid
1— ðTf 2Þ=G1—liquidðTf 2Þ [49]. The typical behavior of the elastic constants throughout the transition

from liquid to glass is illustrated in Fig. 1a and b. The understanding the behavior of the elastic con-
stants of the equilibrium liquid near Tg is of great value for understanding the nature of the super-
cooled liquids and glasses.
Fig. 1. Typical behavior of the elastic constants (G and K) throughout the glass transition: (a) The relative change of K; (b) the
relative change of the G. The reference value is K or G and room temperature. The infinite frequency bulk and shear moduli of
the liquid become frozen at Tf.
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2.4. Correlations between elastic moduli and physical properties in crystalline materials

The elastic properties of a crystalline material correlate with many of its mechanical and physical
qualities. Besides, the changes of the K, G, E, and m under pressure or temperature give information of
the changes in the structure of a material. The shear stresses are associated with bond distortion, and K
or E is fundamentally related to the curvature of the bonding energy-atomic volume curves, and the
bonding energy. The bonding energy also correlates with the melting temperature Tm of crystalline
materials; therefore, E has a relation with Tm: E / kBTm/M. The Debye temperature hD and Tm are re-
lated to the vibration of atoms, therefore, the high value of hD or Tm indicates strong atomic interac-
tion, and then high value of elastic moduli of crystalline materials [50,51].

The temperature and density of a solid strongly affect its elastic moduli. The temperature depen-
dent elastic modulus in some crystalline materials can be expressed as:
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b ¼ 1
E

dE
dT

ð2:32Þ
The change of the vibrational properties with density is described by the Grüneisen parameter, cG
a ¼ cGCV

3KV
ð2:33Þ
ais thermal expansion coefficient, and cG is a measure of the anharmonicity of a material. In some fam-
ilies of the periodic table of elements, the elastic modulus increases with the element number increas-
ing (or atomic radius decrease) as:
E / k=am ð2:34Þ
where the k and m are constants. The mechanical properties of crystalline metallic alloys are known to
correlate to the elastic properties. For example, in crystalline metals, the brittleness of alloys is known
to correlate to the ratio of G/K or Poisson’s ratio [52].
3. Experimental methods for determining elastic moduli of glasses

The elastic moduli of a matter are determined by its interatomic forces, the structure and its vibra-
tional properties. And hence the values of the elastic constants K, G, and E and Poisson’s ratio m can be
experimentally measured by many methods such as mechanical deformation or ultrasonic-wave
propagation. For liquids, instantaneous elastic constants can be obtained from velocity measurements
of high-frequency sound waves in order to avoid contributions of fast structural relaxations. In solids,
basically, the methods for determining the elastic moduli are divided into static and dynamic meth-
ods. The static and dynamic methods can be regarded as isothermal and adiabatic measuring condi-
tions, respectively. The basic theory for static method is to measure the stress–strain curve in the
elastic deformation limit, and then calculate the elastic moduli based on the curves. While the exper-
imental conditions such as loading as well as the loading rate significantly affect the measuring accu-
racy of the elastic moduli. The static method is also difficult to be applied to brittle materials such as
glassy materials. The dynamic methods have relative high accuracy. According to the applied fre-
quency range, the dynamic methods are classified as: acoustic method (the frequency is below
104 Hz) and ultrasonic method (the frequency is between 104 and 108 Hz). The dynamic methods
are widely applied to study the elastic properties and determine the elastic moduli of glasses and
glass-forming liquids. Therefore, in the following we focus on the introduction of one of the dynamic
methods—the ultrasonic method and the related theory.

3.1. Ultrasonic methods

3.1.1. The theory for ultrasonic measurements
The propagation velocity of the ultrasonic waves such as longitudinal and shear waves depends on

the nature of the materials. However, in a given material, the propagation velocity of the ultrasonic
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Fig. 2. The schematic illustrations for ultrasonic method. (a) The pulse echo overlap method; (b) the high-pressure sample
assembly for ultrasonic wave velocities measurement; (c) the in situ low-temperature ultrasonic wave velocities measurements.
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wave is independent of its frequency and the dimension of the material. In isotropic and homogeneous
solids such as glassy materials, the one-dimensional acoustic wave equations are expressed as [50]:
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d2u

dt2 ¼
Ld2u

qdx2 ðLongitudinal mode or compressional waveÞ ð3:1Þ

d2u

dt2 ¼
Gd2u

qd2x
ðShear mode or transverse modeÞ ð3:2Þ
where u is displacement, L is longitudinal modulus. From above equations, one obtains:
G ¼ qv2
s ð3:3Þ

L ¼ qv2
l ð3:4Þ
where vl and vs are longitudinal and transverse sound velocities, respectively. It can be approximately
generalized that the vs is half of the vl in homogenous metallic materials, that is vl = 2vs.

Based on Eqs. (2.6)–(2.9), the E, K, and m of the isotropic solids such as glasses can be given in terms
of vl, vs and density as [50]:
K ¼ q v2
l �

4
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v2
s

� �
ð3:5Þ

m ¼ v2
l � 2v2
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ð3:7Þ
The Debye temperature hD of the isotropic solids can also be derived from the acoustic velocities and
density [50]. For the long wavelength like ultrasonic (its wavelength is much larger than the nearest
atomic distance), the glassy solid can be considered as a classical elastic continuum which meets the
Debye approximation [51]. Using acoustic data, hD at room temperature can be represented as [51]:
hD ¼
h
kB
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ð3:8Þ
where X0 is the average atomic volume, and h is Planck constant.
The specific heat, CV, then can be expressed as [51]:
Cv ¼ 9NkB
T
hD

� �3 Z hD=T

0

x4ex

ðx2 � 1Þ2
dx ð3:9Þ
Therefore, from the ultrasonic wave velocities and density measurements, one can readily obtain the
elastic moduli, CV, and Debye temperature of the metallic glasses.

3.1.2. The ultrasonic experimental methods
The normally used ultrasonic methods are: phase comparison method (PC), pulse echo overlap

method (PEO), phase position detection (PPD), resonant ultrasound spectroscopy method, ultrasonic
echography methods (USE) and electron-magnetic acoustic resonance (EMAR). The pulse echo tech-
nique [52–63] and resonant ultrasound spectroscopy technique are widely used for measuring the
velocities of longitudinal and transverse waves in glasses [64–69], hence we will focus on the intro-
duction of the two techniques.

Fig. 2 schematically illustrates the PEO method. The instrument consists of three parts as shown in
Fig. 2a: the pulse ultrasonic waves transmitter and receiver; the time synchrotronization; and the
sample assembly including high frequency quartz transducers. The PEO technique is described in de-
tails by Papadakis [52], and here we only very briefly describe the method. The oscilloscope is
cite this article in press as: Wang WH. The elastic properties, elastic models and elastic perspectives of
lic glasses. Prog Mater Sci (2011), doi:10.1016/j.pmatsci.2011.07.001
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triggered at the carrier frequency of the synthesizer while the pulse generator used to drive the quartz
crystal is triggered at a decade fraction of this frequency. Therefore, there is no actual overlap of the
echo trains, and only an apparent overlap of the echoes on the oscilloscope when the repetition rate of
the frequency synthesizer is of the same order as the reciprocal of the travel time in the sample or a
multiple of this travel time. The careful adjustment of the frequency synthesizer allows the two cho-
sen echoes to overlap accurately, and then yielding a precise measure of the travel time. The observa-
tions of the overlap of the pulses are aided by coincident intensification of the trace by strobe pulses to
the oscilloscope [52]. From the obtained wave travel time and the length of the sample, the sound
velocities are then to be determined.

The frequency range of the sound wave is 5–20 MHz, which is at least 1010 times of the relaxation
frequency of metallic glasses corresponding to its viscosity at their glass transition temperature [29].
The sensitivity for measurement of time of ultrasonic waves propagating through the sample for a
MATEC 6600 ultrasonic system was 0.9 ns, which corresponds to a sensitivity of 5 cm/s in velocity
[56]. The accuracy in measuring the velocities is approximately equal to 0.5% for shear waves and
1% for longitudinal waves. The excitation and detection of the ultrasonic pulses were provided by
X- or Y-cut (for longitudinal and transverse waves, respectively) high frequency quartz transducers.
The transducers were bonded to the specimen using honey or other glues (their effects on the ultra-
sonic velocity and attenuation have been already determined) for experiments. The density was mea-
sured using the Archimedes method with an accuracy of �1.0%. The elastic constants of E, G, K, and m
were derived from the acoustic velocities and the density by Eqs. (3.3)–(3.9).

Another widely used ultrasonic technique in metallic glasses field is the resonant ultrasound spec-
troscopy (RUS). RUS is a technique developed by Migliori and his co-workers at Los Alamos National
Laboratory for determining the complete elastic tensor of a solid by measuring its free-body resonance
[64–69]. The mechanical resonances can be calculated for a sample with known dimensions, density,
and elastic tensor. Fig. 3 shows the schematic illustration of the experimental set-up of the RUS. In the
RUS experiment, the mechanical resonances of a freely vibrating solid of known shape are measured,
and an iteration procedure is used to ‘‘match’’ the measured frequencies with the calculated spectrum.
This allows determination of the full elastic tensor of the solid from a single frequency scan, which
clearly indicates a main advantage of RUS. That is, there is no need for separate measurements to
probe different moduli, and multiple sample remounts and temperature sweeps are avoided. Another
advantage lies in the ability of RUS to work with small, mm-sized samples. The sample can be
Fig. 3. Schematic illustration of the experimental set-up of the resonance ultrasound spectrometer [64–67].
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Table 1
The acoustic data and elastic constants for various bulk metallic glasses, typical oxide glasses and other non-metallic glasses.

Glasses q (g/cm3) vl (km/s) vs (km/s) vl/vs K
(GPa)

G
(GPa)

E
(GPa)

E/q (GPa cm3/g) m K/G hD (K) Refs.

Zr41Ti14Cu12.5Ni10Be22.5 6.125 5.174 2.472 2.09 114.1 37.4 101.2 16.53 0.352 3.05 326.8 [54,99]
Zr46.75Ti8.25Cu7.5Ni10Be27.5 6.014 5.182 2.487 2.08 111.9 37.2 100.5 16.70 0.350 3.01 327.1 [54]
Zr45.4Ti9.6Cu10.15Ni8.6Be26.25 6.048 5.163 2.473 2.09 111.9 37.0 99.9 16.52 0.350 3.02 325.6 [54]
Zr52.5Al10 Ni10Cu15Be12.5 6.295 5.033 2.384 2.11 112.0 35.9 97.2 15.41 0.355 3.12 306.6 This work
Zr50Al10 Ni10Cu15Be15 6.311 5.075 2.478 2.05 110.9 38.8 104.1 16.50 0.343 2.86 321.5 This work
Zr55Al10 Ni10Cu15Be10 6.408 4.958 2.355 2.14 111.6 34.4 93.7 14.62 0.360 3.24 296.9 This work
Zr60Al10 Ni10Cu15Be5 6.497 5.763 2.085 2.28 109.7 28.2 78.0 12.01 0.381 3.89 264.0 This work
(Zr46.75Ti8.25Cu7.5Ni10Be27.5)98Al2 5.89 110.6 32.8 101.8 17.3 0.347 3.37 This work
(Zr46.75Ti8.25Cu7.5Ni10Be27.5)95Al5 5.87 115.8 40.5 108.9 18.5 0.343 2.86 This work
(Zr46.75Ti8.25Cu7.5Ni10Be27.5)92Al8 5.88 91.6 32.3 86.7 14.7 0.342 2.84 This work
(Zr46.75Ti8.25Cu7.5Ni10Be27.5)90Al10 5.89 113.8 44.5 118.1 20.0 0.327 2.56 This work
(Zr46.75Ti8.25Cu7.5Ni10Be27.5)88Al12 5.66 112.6 44.1 117.1 20.7 0.326 2.55 This work
(Zr46.75Ti8.25Cu7.5Ni10Be27.5)85Al15 5.72 116.9 48.4 117.5 20.5 0.318 2.42 This work
Zr41Ti14Cu12.5Ni9Be22.5C1 6.161 5.097 2.534 2.01 107.3 39.5 105.7 17.15 0.336 2.71 335.7 [100]
Zr34Ti15Cu10Ni11Be28Y2 5.778 5.251 2.686 1.95 103.7 41.7 110.3 19.09 0.320 2.49 356.3 [101]
(Zr41Ti14Cu12.5Ni10Be22. 5)98Y2 5.860 5.263 2.619 2.01 108.7 40.2 107.3 18.31 0.340 2.71 339.2 [102]
Zr41Ti14Cu12.5Ni8Be22.5Fe2 6.083 5.135 2.436 2.11 112.3 36.1 97.8 16.08 0.355 3.11 321.5 This work
Zr41Ti14Cu12.5Ni5Be22.5Fe5 6.108 5.130 2.439 2.10 112.3 36.3 98.4 16.11 0.354 3.09 322.4 This work
Zr41Ti14Cu12.5Ni2Be22.5Fe8 5.938 4.942 2.427 2.04 98.4 35.0 93.8 15.79 0.341 2.81 317.4 This work
Zr41Ti14Cu12.5Be22.5Fe10 6.086 5.151 2.522 2.04 109.8 38.7 103.9 17.08 0.342 2.84 332.8 This work
Zr36Ti14Cu12.5 Ni5Be20.5Fe12 6.520 4.933 2.283 2.16 113.4 34.0 92.7 14.21 0.364 3.34 310.2 This work
Zr53Ti5Cu20Ni12Al10 6.749 4.7774 2.155 2.22 112.3 31.3 86.0 12.74 0.37 3.58 276.0 [100]
(Zr58.9Ti5.6Cu22.2Ni13.3)88Al12 6.696 4.825 2.232 2.16 111.4 33.4 91.0 13.59 0.36 3.34 286.2 [100]
(Zr59Ti6Cu22Ni13)85.7 Al14.3 6.608 4.890 2.269 2.15 112.7 34.0 92.7 14.03 0.363 3.31 291.1 [100]
Zr53Ti5Cu20Ni12Al15 6.572 4.893 2.268 2.16 112.3 33.8 92.1 14.02 0.36 3.32 290.5 [100]
(Zr58.9Ti5.6Cu22.2Ni13.3)84Al16 6.553 4.946 2.319 2.13 113.3 35.3 95.8 14.62 0.36 3.21 297.9 [100]
Zr52.5Ti5Cu17.9Ni14.6Al10 6.730 4.833 2.191 2.20 114.1 32.3 88.6 13.16 0.37 3.53 280.7 [103]
Zr52.5Ti5Cu17.9Ni14.6Al10 (+1%Carbon nanotube) 6.701 4.843 2.240 2.16 112.3 33.6 91.7 13.68 0.36 3.34 282.3 [100,162–

164]
Zr40Mg0.5Ti15Cu11Ni11Be21.5Y1 6.048 5.081 2.396 2.12 109.9 34.7 94.2 15.58 0.357 3.16 315.3 This work
Zr48Nb8Cu14Ni12Be18 6.700 4.950 2.264 2.19 118.4 34.4 94.0 14.02 0.368 3.45 295.2 This work
Zr45Nb10Cu13Ni10Be22 6.523 5.050 2.361 2.14 117.9 36.4 98.9 15.16 0.360 3.24 308.2 This work
Zr45Nb8Cu13Ni4Be22Fe8 6.543 4.970 2.315 2.15 114.9 35.1 95.5 14.59 0.361 3.28 304.0 This work
Zr48Nb8Cu12Be24Fe8 6.436 4.994 2.338 2.14 113. 6 35.2 95.7 14.87 0.360 3.23 305.4 [105]
Zr57Nb5Cu15.4Ni12.6Al10 6.690 4.740 2.186 2.17 107. 7 32.0 87.3 13.05 0.365 3.37 274.8 This work
Zr60Nb3Cu14Ni13Al10 6.730 4.780 2.150 2.22 112.3 31.1 85.4 12.69 0.373 3.61 270.8 [106]
Zr55Nb9Cu15Ni11Al10 6.875 4.880 2.250 2.17 117.3 34.8 95.0 13.82 0.365 3.37 284.5 [106]
(Zr55Nb9Cu15Ni11Al10)99B1 6.76 4.681 2.106 2.22 108.2 30.0 82.3 12.18 0.373 3.61 279.0 [106]
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Table 1 (continued)

Glasses q (g/cm3) vl (km/s) vs (km/s) vl/vs K
(GPa)

G
(GPa)

E
(GPa)

E/q (GPa cm3/g) m K/G hD (K) Refs.

Zr57 Nb5 Cu15.4 Ni12.6 Al10 6.758 4.755 2.157 2.20 110.9 31. 5 86.2 12.75 0.370 3.53 272.3 This work
Zr52.7Nb5Cu17.9Ni14.6Al10 6.651 4.747 2.129 2.23 109.7 30.2 82.9 12.46 0.370 3.64 This work
Zr52.7Nb5Cu17.9Ni14.6Al10 (+1% carbon fiber) 6.703 4.747 2.127 2.23 110.6 30.3 83.4 12.44 0.374 3.65 – This work
Zr52.7Nb5Cu17.9Ni14.6Al10 (+1.5% carbon fiber) 6.709 4.785 2.132 2.24 113.0 30.5 83.9 12.51 0.376 3.70 – This work
Zr52.7Nb5Cu17.9Ni14.6Al10 (+2% carbon fiber) 6.622 4.773 2.135 2.24 110.6 30.2 83.0 12.53 0.375 3.66 – This work
Zr52.7Nb5Cu17.9Ni14.6Al10 (+4% carbon fiber) 6.758 4.804 2.170 2.22 113.5 31.8 87.3 12.92 0.372 3.57 – This work
(ZrNb)72.8 (CuNiAl)27.2 6.675 4.604 1.990 2.31 106.2 26.4 73.2 10.97 0.385 4.02 – This work
(ZrNb)73.4(CuNiAl)26.6 6.670 4.437 1.972 2.25 96.7 25.9 71.4 10.71 0.377 3.73 – This work
(ZrNb)70.7(CuNiAl)29.3 6.643 4.633 2.038 2.27 105.8 27.6 76.1 11.46 0.380 3.84 – This work
Zr58Ni26.6Al15.4 6.522 4.922 2.230 2.21 114.8 32.4 88.9 13.63 0.371 3.54 283.0 This work
Zr55.8Ni24.8Al19.4 6.328 5.029 2.339 2.15 113.9 34.6 94.3 14.90 0.362 3.29 296.2 This work
Zr53Ni23.5Al23.5 6.171 5.169 2.462 2.10 115.1 37.4 101.2 16.41 0.353 3.07 312.1 This work
Zr45.25Cu46.25Al7.5Sn1 – – – – 118.0 37.5 97.3 – – – – 666
(Zr55Al15Ni10Cu20)98Y2 6.56 4.870 2.270 2.14 110.6 33.8 92.1 14.03 0.361 3.27 287.7 [107]
(Zr55Al15Ni10Cu20)96Y4 6.44 4.774 2.212 2.16 104. 8 31.5 85.9 13.34 0.363 3.32 278.3 [107]
Zr65Al10Ni10Cu15 6.271 5.050 2.393 2.11 112.0 35.9 97.3 15.52 0.355 3.12 292.9 [106]
Zr61.88Al10Ni10.12Cu18 6.649 4.704 2.092 2.25 108.3 29.1 80.1 12.05 0.377 3.72 262.9 [106]
Zr64.13Al10Ni10.12Cu15.75 6.604 4.679 2.076 2.254 106.6 28.5 78.4 11.87 0.377 3.75 259.6 [106]
Zr65.025Cu14.85Ni10.125Al10 6.585 4.648 2.078 2.24 104.4 28.4 78.2 11.87 0.375 3.67 259.2 [106]
Zr62.325Cu17.55 Ni 10.125Al10 6.678 4.702 2.100 2.24 108.4 29. 5 81.0 12.13 0.375 3.68 264.1 [106]
Zr61.88Al10Ni10.12Cu18 6.664 4.693 2.096 2.24 107.7 29.3 80.5 12.08 0.375 3.68 263.5 [106]
Zr62.325Cu17.55Ni10.125Al10 6.685 4.706 2.113 2.23 108.3 29.9 82.0 12.27 0.373 3.63 266.0 [106]
Zr61Cu18.3Ni12.8Al7.9 6.824 4.527 2.057 2.20 101.4 28.9 79.1 11.59 0.370 3.50 260.2 This work
Zr61Cu17.8Ni12.8Al7.9Sn0.5 6.784 4.537 2.059 2.20 101.3 28.8 78.8 11.62 0.370 3.50 259.6 This work
Zr61Cu17.3Ni12.8Al7.9Sn1 6.801 4.539 2.035 2.23 102.6 28.2 77.4 11.38 0.374 3.64 256.7 This work
Zr61Cu16.8Ni12.8Al7.9Sn1.5 6.794 4.387 2.043 2.15 92.9 28.4 77.3 11.38 0.362 3.27 256.9 This work
Zr61Cu16.3Ni12.8Al7.9Sn2 6.779 4.542 2.105 2.16 99.8 30.1 81.9 12.08 0.363 3.32 264.2 This work
Zr61Cu15.8Ni12.8Al7.9Sn2.5 6.819 4.561 2.090 2.18 102.1 29.8 81.5 11.95 0.367 3.42 262.7 This work
Zr60.525Cu19.35Ni10.125Al10 6.701 4.712 2.110 2.23 109.0 29.8 82.0 12.24 0.374 3.65 266.2 [106]
Zr62Al10 Ni12.6Cu15.4 6.615 4.723 2.090 2.26 109.0 28. 9 79.7 12.04 0.378 3.77 262.3 [106]
Zr35Ti30Cu7.5Be27.5 5.329 5.172 2.545 2.03 96.5 34.5 92.5 17.36 0.340 2.79 This work
Zr33Ti30Cu7.5Be27.5Al2 5.260 5.270 2.640 2.00 97.2 36.7 97.7 18.57 0.332 2.65 This work
Zr30Ti30Cu7.5Be27.5Al5 5.134 5.429 2.782 1.95 98.3 39.7 105.1 20.50 0.322 2.48 This work
Zr25Ti30Cu7.5Be27.5Al10 4.926 5.700 2.980 1.91 101.7 43.7 114.8 23.30 0.312 2.33 This work
Zr50Cu25Be25 6.12 – – – 108.9 35.8 96.8 15.8 0.35 3.04 – [59]
Zr50Cu43Ag7 124.7 32.8 90.5 – 0.379 3.80 – [82]
Zr35Ti30Cu8.25Be26.75 5.4 – – – 113.7 31.8 86.9 16.1 0.370 3.57 – [158]
Pd39Ni10Cu30P21 9.152 4.750 1.963 2.42 159.4 35.3 98. 6 10.8 0.397 4.52 279.6 [113]
Pd40Ni10Cu30P20 9.259 4.874 1.959 2.49 172.6 35.5 99.8 10.77 0.404 4.86 279.4 This work
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Table 1 (continued)

Glasses q (g/cm3) vl (km/s) vs (km/s) vl/vs K
(GPa)

G
(GPa)

E
(GPa)

E/q (GPa cm3/g) m K/G hD (K) Refs.

Pd80P20 10.22 4.300 1.630 2.63 160.0 28.2 80.5 7.88 0.416 5.67 – [111]
Pd64Ni16P20 10.08 4.560 1.790 2.55 172.0 32.8 93.5 9.26 0.410 5.24 – [111]
Pd40Ni40P20 9.405 4.900 1.960 2.50 175.0 36.5 105.0 11.16 0.40 4.79 292 [111,112]
Pd16Ni64P20 8.750 5.017 2.080 2.41 169.8 37.9 105.8 12.09 0.396 4.48 [111]
Pd64Fe16P20 10.04 4.530 1.816 2.49 161.9 33.1 93.0 9.26 0.404 4.90 [111]
Pd56Fe24P20 9.90 4.572 1.860 2.45 161.2 34.3 96.0 9.70 0.401 4.90 [111]
Pd81Si19 10.61 4.627 1.775 2.61 182.6 33.4 94.5 8.91 0.414 5.46 246.3 This work
Pd77.5Si16.5Cu6 10.40 4.584 1.779 2.58 174.6 32.9 92.9 8.93 0.411 5.29 252.0 [111]
Pd79Ag3.5P6Si9.5Ge2 – – – – 172.0 31.0 – – 0.42 5.54 – [671]
Pt60Ni15P25 15.71 3.965 1.467 2.67 201.9 33.8 96.1 6.12 0.421 5.94 205 [111]
Pt57.5Cu14.7Ni5.3P22.5 15.02 4.000 1.481 2.70 198.7 33.3 94.8 6.31 0.42 5.97 206 [113]
Pt74.7Cu1.5Ag0.3P18B4Si1.5 17.23 216.7 32.4 0.43 6.69 [113]
Au49Ag5.5Pd2.3Cu26.9Si16.3 – – – – 132.3 26. 5 74.4 – 0.406 5.00 – [114]
Cu50Zr50 7.404 – – – 101.2 31.3 85.0 11.48 0.360 3.22 231 [108,154,155]
(Cu50Zr50)96Al4 7.221 4.661 2.118 2.20 113.7 32.4 88.7 12.3 0.370 3.51 274.6 [115]
(Cu50Zr50)94.5Al5.5 7.174 4.706 2.126 2.21 115.6 32.4 89.0 12.40 0.372 3.56 276.3 This work
(Cu50Zr50)94Al6 7.129 4.722 2.179 2.17 113.8 33.8 92.4 12.96 0.365 3.36 282.4 [115]
(Cu50Zr50)92Al8 7.076 4.787 2.202 2.17 116.4 34.3 93.7 13.24 0.366 3.39 286.0 [115]
(Cu50Zr50)90Al10 7.204 4.855 2.246 2.16 121.4 36.3 99.1 13.76 0.364 3.34 294.8 This work
(Cu50Zr50)92Al7Gd1 7.127 4.848 2.148 2.26 123.7 32.9 90.6 12.71 0.38 3.76 278.7 [115]
Cu45Zr45Al7Gd3 7.162 4.731 2.127 2.22 117.1 32.4 89.0 12.42 0.373 3.62 274.1 [115]
Cu50Zr45Al5 7.223 4.731 2.147 2.20 117.3 33.3 91.2 12.63 0.370 3.52 278.0 This work
Cu46Zr42Al7Y5 6.946 4.578 2.047 2.24 106.8 29.1 80.0 11.52 0.375 3.67 264.2 [115]
Cu46Zr44Al7Y3 7.026 4.694 2.135 2.20 112.1 32.0 87.7 14.80 0.37 3.50 276.12 This work
(Cu46Zr42Al7Y5)96Cr4 7.001 4.719 2.110 2.24 114.3 31.2 85.7 12.24 0.375 3.66 274.1 This work
(Cu46Zr42Al7Y5)96Sn4 7.053 4.597 2.209 2.08 103.2 34.4 92.9 13.17 0.350 3.00 283.3 This work
Cu60Zr20Hf10Ti10 8.315 4.620 2.108 2.19 128.2 36.9 101.1 12.16 0.369 3.47 282.0 [116]
Cu60Zr29Ti10Sn1 7.408 4.472 2.191 2.04 100.7 36.6 95.5 12.89 0.342 2.75 292.0 This work
Fe65.5Cr4Mo4Ga4P12C5B5.5 7.300 5.12 2.83 1.81 113.4 58.5 149. 7 20.50 0.28 1.94 416.9 This work
Fe48Cr15Mo14C15B6Er2 7.897 6.228 3.296 1.89 191.9 85.8 224.0 28.36 0.305 2.24 488.5 This work
Fe60Cr10Mo9C13B6Er2 7.916 5.891 3.163 1.86 169.1 79.2 205.5 25.96 0.30 2.14 471.4 This work
Fe64Cr10Mo9C15Er2 7.994 5.964 3.321 1.80 166.8 88.2 224.9 28.13 0.275 1.89 489.61 This work
(Fe60Cr10Mo9C13B6Er2)95Ni5 7.934 5.820 3.107 1.87 166.6 76.6 199.2 25.11 0.301 2.18 462.75 This work
(Fe60Cr10Mo9C13B6Er298) In2 7.752 5.609 3.137 1.79 142.2 76.3 194.1 25.06 0.272 1.86 459.28 This work
(Fe60Cr10Mo9C13B6Er2)98Be2 7.813 5.908 3.183 1.86 167.2 79.2 205.1 26.25 0.296 2.11 474.84 This work
(Fe60Cr10Mo9C13B6Er2)95Be5 7.628 5.982 3.214 1.86 167.9 78.8 204.4 26.80 0.297 2.13 479.83 This work
(Fe60Cr10Mo9C13B6Er2)98Pb2 7.977 5.891 3.159 1.86 170.7 79.6 206.7 25.91 0.298 2.14 463.23 This work
(Fe60Cr10Mo9C13B6Y2)98V2 7.714 5.991 3.183 1.88 172.7 78.1 203.7 26.41 0.303 2.21 475.4 This work

(continued on next page)
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Table 1 (continued)

Glasses q (g/cm3) vl (km/s) vs (km/s) vl/vs K
(GPa)

G
(GPa)

E
(GPa)

E/q (GPa cm3/g) m K/G hD (K) Refs.

Fe41Co7Cr15Mo14C15B6Y2 7.904 6.208 3.262 1.90 192.5 84.1 220.2 27.86 0.309 2.29 487.9 This work
Fe68Cr3Mo10P6C10B3 – – – – 172 67.7 180 – 0.326 2.54 – [161]
Fe63Cr3Mo10P12C7B5 – – – – 174 65.2 173 0.333 2.67 – [161]
Fe70Mo5Ni5P12.5C5B2.5 – – – – 150.1 57.31 – – – – – [174]
Ni80P20 8.13 5.060 2.130 2.38 161.0 36.7 102.5 12.61 0.394 4.31 342 [111]
Co58Ta7B35 8.960 – – – 215.7 91.5 240.6 26.8 0.315 2.38 – [672]
Co56Ta9B35 9.265 – – – 224.1 93.8 246.9 26.6 0.315 2.38 – [672]
Ta42Ni36Co22 12.98 170.0 [673]
Ti40Zr25 Ni3Cu12Be20 5.445 5.369 2.554 2.10 109.6 35.5 96.5 17.66 0.354 3.09 338.0 This work
Ti45Zr20Be35 4.59 – – – 111.4 35.7 96.8 21.0 0.36 3.12 – [157]
Ti45Zr20Be30Cr5 4.76 – – – 114.5 39.2 105.6 22.2 0.35 2.92 – [157]
Hf48Cu29.25Ni9.75Al13 11.0 128.9 43.1 116.4 0.349 [664]
Hf62Ni9.75Al13 11.1 128.8 41.3 112.0 0.355 [664]
Hf46Nb2Cu29.25Ni9.75Al13 11.8 130.3 43.1 116.5 0.351 [664]
Hf49Ta2Cu27.75Ni9.25Al12 11.3 127.6 42.4 114.6 0.350 [664]
Mg65Cu25Tb10 3.979 4.220 2.220 1.90 44.7 19.6 51.3 12.90 0.309 2.28 272.9 [117]
Mg60Cu25Gd15 4.220 4.164 2.171 1.92 46.6 19. 9 52.2 12.38 0.313 2.34 261.0 [117]
Mg65Cu25Gd10 3.794 4.319 2.254 1.92 45.1 19.3 50.6 13.34 0.31 2.34 273.8 [117]
(Mg65Cu25Gd10)99Ti1 3.940 4.341 2.245 1.93 47.8 19.9 52.3 13.28 0.317 2.41 275.7 This work
(Mg65Cu25Gd10)97Ti3 3.811 4.272 2.238 1.91 44.1 19.1 50.0 13.13 0.311 2.31 271.6 This work
(Mg65Cu25Gd10)95Ti5 3.936 4.250 2.245 1.89 44.6 19.8 51.8 13.17 0.306 2.25 275.2 This work
(Mg65Cu25Gd10)99Sn1 3.881 4.269 2.235 1.91 44.9 19.4 50.8 13.10 0.311 2.32 271.5 This work
(Mg65Cu25Gd10)97Sn3 4.027 4.225 2.220 1.90 45.42 19.9 52.0 12.90 0.309 2.29 270.4 This work
Mg58Cu27Y10Zn5 3.558 4.536 2.447 1.85 44.8 21.3 55.2 15.50 0.295 2.10 298.3 [120]
Mg60Cu25Gd10Zn5 4.062 4.274 2.254 1.90 46.7 20.6 54.0 13.28 0.307 2.26 275.47 [120]
Mg55Cu25Ag10Gd10 4.919 4.156 2.189 1.90 53.5 23.6 61.7 12.53 0.308 2.27 273.7 [120]
Mg58.5Cu30.5Y11 3.547 4.649 2.400 1.94 49.4 20.4 53.9 15.19 0.318 2.42 292.5 [121]
Mg57Cu31Y6.6Nd5.4 3.809 4.465 2.333 1.91 48.3 20.7 54.4 14.28 0.312 2.42 283.6 [121]
Mg57Cu34Nd9 4.1 50.7 20.5 54.2 0.322 [674]
Mg64Ni21Nd15 3.7 44.8 17.9 47.4 0.324 [674]
Ca50Mg20Cu30 – – – – 29.0 12.6 33.2 – 0.311 – – [152]
Ca48Mg27Cu25 2.400 3.810 2.240 1.70 18.8 12.2 29.8 0.236 1.56 [152]
Ca65Mg8.54Li9.96Zn16.5 1.956 4.050 2.139 1.89 20.2 9.0 23.4 11.95 0.307 2.25 220.7 This work
Ca65Mg8.31Li9.69Zn17 1.983 3.915 2.127 1.84 18.5 9.0 23.2 11.69 0.291 2.05 219.6 This work
Ca55Mg25Cu20 2.221 22.6 10.81 27.98 12.60 0.294 2.09 This work
(CaCu)75Mg25 3.149 31.1 14.40 37.4 11.87 0.299 2.16 This work
(CaCu)70Mg30 3.069 33.3 14.48 37.9 12.36 0.310 2.30 This work
Sr60Mg18Zn22 3.04 2.862 1.592 1.80 14.6 7.71 19.7 6.48 0.276 1.89 156 [173]
Sr60Li5Mg15Zn20 2.990 2.918 1.531 1.91 16.1 7.02 18.4 6.14 0.310 2.29 151 [173]
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Table 1 (continued)

Glasses q (g/cm3) vl (km/s) vs (km/s) vl/vs K
(GPa)

G
(GPa)

E
(GPa)

E/q (GPa cm3/g) m K/G hD (K) Refs.

Sr50Mg20Zn20Cu10 3.26 2.983 1.658 1.80 17.1 8.97 22.9 7.02 0.276 1.91 169 [173]
Sr60Mg20Zn15Cu5 3.04 2.905 1.598 1.86 15.3 7.76 19.9 6.46 0.283 1.97 157 [173]
Sr40Yb20Mg20Zn15Cu5 3.95 2.668 1.413 1.89 17.6 7.88 20.6 5.22 0.305 2.23 142 [173]
Sr20Ca20Yb20Mg20Zn20 3.56 2.872 1.580 1.82 17.5 8.89 22.8 6.40 0.283 1.97 158 This work
Zn40Mg11Ca31Yb18 4.30 28.8 0.259 This work
Zn20Ca20Sr20Yb20Li11Mg9 3.60 12.0 6.3 16.0 4.44 0.280 1.90 336.8 [122]
Sc36Al24Co20Y20 4.214 5.351 2.770 1.93 77.6 32.3 85.2 20.21 0.317 2.40 188.3 [123–128]
Ce60Al15Ni15Cu10 6.669 3.037 1.676 1.81 36. 6 18.7 48.0 7.19 0.281 1.95 145.6 [123–128]
Ce65Al10Ni10Cu10Nb5 6.759 2.589 1.312 1.97 29.8 11.6 30.9 4.57 0.327 2.56 145.0 [123–128]
Ce68Al10Cu20Nb2 6.738 2.601 1.315 1.98 30.1 11.7 31.0 4.59 0.328 2.58 146.1 [123–128]
Ce68Al10Cu20Co2 6.752 2.612 1.322 1.97 30.3 11.8 31.3 4.64 0.328 2.57 147.4 [123–128]
Ce68Al10Cu20Ni2 6.753 2.659 1.332 2.00 31.8 12.0 31.9 4.73 0.332 2.65 149.4 [123–128]
Ce68Al10Cu20Fe2 6.740 2.668 1.352 1.97 31.6 12.3 32.8 4.85 0.327 2.56 144.0 [123–128]
Ce70Al10Ni10Cu10 6.670 2.521 1.315 1.92 27.0 11.5 30.3 4.54 0.313 2.34 142.2 [123–128]
Ce70Al10Cu20 6.699 2.568 1.296 1.98 29.2 11.3 29.9 4.46 0.329 2.59 166.7 [123–128]
Ce60Al20Cu20 6.431 2.857 1.490 1.92 33.5 14.3 37.5 5.83 0.313 2.34 158.9 This work
(Ce0.72Cu0.28)90Al10 6.70 2.801 1.431 1.96 34.3 17.7 36.3 5.42 0.323 2.50 143.6 [123–128]
(M)67.5Al10Cu22.5 M = La,Pr,Nd 6.564 2.743 1.322 2.07 34.1 11.5 30.9 4.71 0.349 2.97 144.1 [123–128]
Ce69.8Al10Cu20Co0.2 6.733 2.631 1.309 2.01 31.2 11.5 30.8 4.58 0.335 2.71 144.8 [123–128]
Ce69.5Al10Cu20Co0.5 6.744 2.634 1.314 2.01 31.3 11.6 31.1 4.61 0.334 2.68 145.1 [123–128]
Ce69Al10Cu20Co1 6.753 2.629 1.315 2.00 31.07 11.68 31.3 4.63 0.333 2.66 161.5 This work
(Ce0.72Cu0.28)85Al10Fe5 6.747 2.836 1.463 1.97 35.7 13.9 36.9 5.47 0.328 2.57 165.6 This work
(Ce0.72Cu0.28)75Al10Fe15 6.870 2.818 1.434 1.97 35.7 14.1 37.4 5.44 0.325 2.53 188.2 This work
Pr55Al25Co20 6.373 3.233 1.650 1.96 43.46 17.36 45.96 7.21 0.324 2.50 194.9 [155,156]
Nd60Al10Fe20Co10 7.052 3.242 1.714 1.89 46.53 20.70 54.09 7.67 0.306 2.25 159.0 [396]
Nd60Al10Ni10Cu20 6.689 42.8 13.5 36.5 5.46 0.358 3.17 188.9 [129]
Pr55Al12Fe30Cu3 6.615 3.150 1.659 1.90 41.38 18.20 47.61 7.20 0.31 2.27 160.2 [130,131]
Pr60Cu20 Ni10Al10 6.900 3.030 1.406 2.15 45.18 13.64 37.17 5.39 0.36 3.31 165.4 [130,131]
Pr60Cu17Ni8 Al15 6.548 3.105 1.470 2.11 44.26 14.15 38.36 5.86 0.356 3.13 179.95 [130,131]
Pr55Cu17 Ni8Al20 6.426 3.152 1.585 2.22 42.32 16.14 42.97 6.69 0.331 2.62 186.6 [130,131]
Pr55Cu14.3 Ni 5.7 Al25 6.355 3.346 1.647 2.16 48.16 17.24 46.20 7.27 0.340 2.79 162.2 [132]
Pr60Al10Ni10Cu18Fe2 6.834 3.008 1.429 2.10 43.22 13.96 37.80 5.53 0.354 3.10 163.0 [132]
Pr60Al10Ni10Cu16Fe4 6.833 2.996 1.436 2.09 42.56 14.09 38.06 5.57 0.351 3.02 164.4 [132]
Pr60Al10Ni10Cu14Fe6 6.804 3.025 1.449 2.09 43.21 14.29 38.61 5.67 0.351 3.02 177.8 [132]
Pr60Al10Ni10Cu12Fe8 6.814 3.206 1.568 1.93 47.71 16.75 44.98 6.60 0.343 2.85 180.0 [132]
Pr60Al10Ni10Cu10Fe10 6.807 3.196 1.589 2.01 46.63 17.18 45.91 6.74 0.336 2.71 183.7 [132]
Pr60Al10Ni10Cu5Fe15 6.788 3.191 1.623 1.97 45.29 17.88 47.40 6.98 0.326 2.53 187.5 [132]
Pr60Al10Ni10Cu2Fe18 6.800 3.149 1.658 1.90 42.51 18.69 48.89 7.19 0.308 2.27 189.7 [132]

(continued on next page)
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Table 1 (continued)

Glasses q (g/cm3) vl (km/s) vs (km/s) vl/vs K
(GPa)

G
(GPa)

E
(GPa)

E/q (GPa cm3/g) m K/G hD (K) Refs.

Pr60Al10Ni10Fe20 6.800 3.143 1.679 1.87 41.63 19.16 49.84 7.33 0.300 2.17 221.4 [132–138]
Gd36Y20Al24Co20 6.402 3.720 1.917 1.94 57.22 23.53 62.07 9.69 0.319 2.43 217.9 [132–138]
Gd40Y16Al24Co20 6.656 3.664 1.880 1.95 57.99 23.52 62.17 9.34 0.321 2.47 208.1 [132–138]
Gd51Al24Co20Zr4Nb1 7.314 3.529 1.783 1.98 60.08 23.25 61.79 8.45 0.329 2.58 203.0 [132–138]
Tb55Al25Co20 7.488 3.281 1.747 1.87 50.2 22.8 59.5 7.95 0.302 2.20 222.0 [132–138]
Tb36Y20Al24Co20 6.630 3.734 1.902 1.96 60.46 23.98 63.55 9.58 0.325 2.52 213.3 [132–138]
Sm40Y15Al25Co20 6.276 3.645 1.853 1.97 54.65 21.55 57.14 9.10 0.326 2.54 214.8 [132–138]
Er55Al25 Co20 8.157 3.445 1.822 1.89 60.70 27.08 70.72 8.67 0.306 2.24 229.0 [139]
Er36Y20Al24Co20 6.982 3.769 1.951 1.93 63.75 26.58 70.00 10.03 0.317 2.40 218.4 [139]
Er50Y6Al24Co20 7.831 3.592 1.856 1.93 65.07 26.98 71.10 9.08 0.318 2.41 226.5 [140–142]
Ho39Al25Co20Y16 7.024 3.745 1.931 1.94 63.59 26.19 69.09 9.84 0.319 2.43 226.5 [140–142]
Ho30Al24Co20Y26 6.494 3.874 1.996 1.94 62.96 25.87 68.27 10.51 0.319 2.43 233.2 [140–142]
Ho40Al22Co22Y16 7.112 3.644 1.885 1.93 60.74 25.27 66.58 9.36 0.317 2.40 220.5 [140–142]
Ho55Al25Co20 7.888 3.428 1.795 1.91 58.78 25.43 66.67 8.45 0.311 2.31 210.2 [140–142]
Dy55Al25Co20 7.560 3.325 1.764 1.88 52.22 23.53 61.36 8.12 0.304 2.22 204.3 [133–138]
Dy46Y10Al24Co18Fe2 7.211 3.552 1.839 1.93 58.46 24.39 64.23 8.91 0.317 2.40 214.1 [133–138]
La55Al25Co20 5.802 3.213 1.630 1.97 39.35 15.41 40.91 7.05 0.327 2.55 180.9 [133–138]
La60Al20Co20 6.267 3.056 1.521 2.01 39.17 14.51 38.74 6.18 0.335 2.70 170.2 [133–138]
La66Al14Cu10Ni10 6.038 2.958 1.492 1.98 34.91 13.44 35.72 5.92 0.33 2.60 160.9 This work
La55Al25Cu10Ni5Co5 5.907 3.320 1.621 2.05 44.41 15.52 41.71 7.06 0.343 2.86 181.1 This work
La57.6Al17.5(Cu,Ni)24.9 6.004 3.158 1.523 2.07 41.31 13.93 37.56 6.26 0.348 2.97 168. 6 This work
La64Al14 (Cu = Ni)22 6.105 3.022 1.430 2.11 39.11 12.48 33.85 5.54 0.356 3.13 156.2 This work
La68Al10Cu20Co2 6.210 2.971 1.391 2.14 38.77 12.02 32.68 5.26 0.360 3.23 150.5 This work
Tm39Y16Al25Co20 7.301 3.806 2.018 1.89 66.1 29.73 77.5 10.62 0.304 2.22 238.1 [118]
Tm55Al25Co20 8.274 3.457 1.827 1.89 62.0 25.6 72.2 7.49 0.306 2.42 216.0 [118]
Tm45Y10Al25Co20 7.662 3.589 1.888 1.90 62.3 27.3 71.5 9.33 0.309 2.28 223 [118]
Tm27.5Y27.5Al25Co20 6.476 3.856 1.996 1.93 61.9 25.8 68.0 10.5 0.317 2.40 234 [118]
Tm40Zr15Al25Co20 7.695 3.702 1.907 1.94 68.1 28.0 73.8 9.59 0.319 2.43 228 [118]
Tm40Y15Al25Co10Ni10 8.032 3.687 1.945 1.89 68.7 30.4 79.4 9.89 0.307 2.26 236 [118]
Lu39Y16Al25Co20 7.593 3.828 1.987 1.92 71.3 30.0 78.9 10.39 0.316 2.37 236 [119]
Lu55Al25Co20 8.694 3.556 1.875 1.90 69.2 30.6 80.0 9.21 0.307 2.26 223 [119]
Lu45Y10Al25Co20 8.014 3.747 1.970 1.90 70.2 31.1 79.1 9.87 0.309 2.26 231 [119]
Yb62.5Zn15Mg17.5Cu5 6.516 2.272 1.263 1.80 19.78 10.4 26.54 4.07 0.276 1.90 132.1 [63]
(Ce10La90)68Al10Cu20Co2 6.303 2.836 1.332 2.13 35.77 11.18 30.38 4.82 0.358 3.20 144.8 [143]
(Ce20La80)68Al10Cu20Co2 6.334 2.815 1.337 2.10 35.07 11.33 30.7 4.84 0.354 3.10 145.5 [143]
(Ce30La70)68Al10Cu20Co2 6.418 2.812 1.345 2.09 35.3 11.61 31.4 4.89 0.352 3.04 146.9 [143]
(Ce40La60)68Al10Cu20Co2 6.447 2.766 1.320 2.10 34.4 11.2 30.4 4.71 0.353 3.06 144.4 [143]
(Ce50La50)68Al10Cu20Co2 6.492 2.769 1.337 2.07 34.3 11.6 31.3 4.82 0.348 2.96 146. 5 [143]
(Ce70La80)68Al10Cu20Co2 6.653 2.707 1.335 2.03 32.9 11.9 31.8 4.77 0.339 2.78 147.2 [143]
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Table 1 (continued)

Glasses q (g/cm3) vl (km/s) vs (km/s) vl/vs K
(GPa)

G
(GPa)

E
(GPa)

E/q (GPa cm3/g) m K/G hD (K) Refs.

(Ce80La20)68Al10Cu20Co2 6.694 2.659 1.319 2.02 31.79 11.6 31.1 4.65 0.337 2.73 145.6 [143]
Fused quartz 2.203 5.954 3.767 1.58 36.4 31.26 72.9 33.10 0.166 1.16 496 [64,144]
Amorphous carbon 1.557 3.880 2.407 1.61 11.4 9.02 21.4 13.76 0.187 1.26 338 [64,144]
Microcrystal glass 2.556 6.492 3.667 1.77 61.9 34.36 87.0 3.40 0.266 1.80 – [64,144]
Breakaway glass 1.053 2.353 1.164 2.02 3.9 1.4 3.82 3.63 0.338 2.75 – [64,144]
Water-white glass 2.479 5.836 3.423 1.70 45.7 29.1 71.9 29.01 0.238 1.57 – [64,144]
Window glass 2.421 5.593 3.385 1.65 38.8 27.7 67.2 27.8 0.211 1.40 – [64,144]
Float glass 2.518 5.850 3.470 1.69 45.8 30.3 74.5 29.6 0.228 1.51 320 [64,144]
Ti-glass 2.196 5.745 3.615 1.59 34.2 28.7 67.3 30.6 0.172 1.19 330 [64,144]
Borosilicate glass 2.32 5.64 3.28 1.72 40.5 24.9 61.9 26.7 0.24 1.60 – [64,144]
SiO2 Glass 2.20 6.48 3.988 1.63 45.7 35.0 83.6 38.0 0.195 1.31 530.4 [145]
B2O3 glass 1.792 3.6 1.933 1.86 14.2 6.7 17.4 9.7 0.297 2.14 279.1 [145]
Glassy sulfur (at 0 �C) 1.940 7.9 2.1 5.8 3.0 0.379 3.81 [160]
Se70Ge30 4.277 2.16 1.2 1.8 11.7 6.2 15.7 3.7 0.277 1.90 128 [146,159]
Amorphous Se 4.3 1.840 0.905 2.04 9.9 3.5 9.4 2.2 0.343 2.85 96.4 [160]
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heat-treated during the ultrasound spectroscopy measurements, which is very useful for study the
elastic moduli changes during phase transition and glass transition upon temperature in glasses [69].

The typical various glassy specimens including bulk metallic glasses, oxide glasses (Table 1 lists all
available relevant data on typical metallic glasses, BMGs based on different elements with represen-
tative compositions and other typical non-metallic glasses) were cut to a length of �10 mm, and its
ends were carefully polished flat and parallel, and normal to the longitudinal axis. The diameter of
the specimen normally should larger than 3 mm for a pulse echo overlap method. The BMGs were pre-
pared by water quenching or Cu mold cast methods and the details for the BMGs preparation can refer
to as Ref. [54,58]. The amorphous nature as well as the homogeneity of these glasses was ascertained
by X-ray diffraction (XRD), differential scanning calorimeter (DSC), transmission electron microscopy
(TEM), and high resolution TEM. The onset glass transition temperature, Tg, the onset temperature of
the first crystallization event Tx and liqudus temperature Tl of the BMGs were determined by DSC and
differential thermal analysis (DTA). The mechanical and physical properties such as fracture yield
strength r, microhardness Hv, and fracture toughness Kc for various BMGs and other non-metallic
glasses were directly taken from literature sources or experimentally measured. The details for the
properties measurements one can refer to as Refs. [54,58].
3.1.3. The in situ measurement of ultrasonic wave velocities under high pressure
Fig. 2b illustrates high-pressure glass sample assembly for PEO ultrasonic measurement. The trans-

ducers were bonded to the specimen’s end using dow resin for high pressure experiments. The dow
resin is generally used bonding material for ultrasonic measurements under pressure due to its effects
on the ultrasonic velocity and attenuation under pressure had been already determined, and can be
ruled out. Another reason to use dow resin is that its bond quality can be kept unchanged under pres-
sure up to 2 GPa [60,70]. This system is capable of resolution of the velocity changes to 1 part in 105

and particularly well suitable for determination of pressure-induced changes in ultrasonic velocities
[70]. The ultrasonic velocities measurements under high pressure were also calibrated by the known
materials of Fe, Bi, and oxide glasses [60,70]. The sample with bonded transducer was immersed in the
oil in the high pressure experiment. The high pressure was performed using a piston–cylinder high-
pressure apparatus, and electric insulation oil was used for the pressure transmitting media, for which
hydrostaticity has already been determined. The high-pressure measurements were performed for
several pressure load–unload cycles to examine the reproducibility and minimize error. Pressure in-
duced changes in the sample dimensions were accounted for by using the Cook’s methods [71].
3.1.4. The measurement of ultrasonic wave velocities upon temperature
To study the relaxation, aging, nucleation and growth, and crystallization of the metallic glassy

materials, the glassy sample was isothermally annealed at various times and cooled down to room
temperature for the density and acoustic measurements. The samples annealing was kept in a pure
argon atmosphere for a prechosen temperature and period. After a certain time, the sample was re-
moved from this container and allowed to cool to room temperature for acoustic measurements.
The sample was returned for further annealing at a given temperature for an additional period of time,
and taken out again to cool down to room temperature, and acoustic measurements were repeated.

The in situ acoustic velocities for the BMGs and other glasses (such as breakaway glass, amorphous
sulfur) with low Tg were measured in a N2 flushed atmosphere using PEO method. Since the used high
frequency of 10 MHz is 1010 times the relaxation rate of �1 mHz for the glasses in the measuring tem-
perature range, the measured elastic constants are taken as the instantaneous elastic moduli. Quartz
transducers were bonded to the glass specimens using a mixed commercial resin. The insignificant
temperature effects on the quartz transducers and the bonding resin in the measuring T-range were
determined by using standard samples (such as pure Cu) and ruled out to minimize their influence
on the ultrasonic velocities measurements. For BMGs (such as Ce-based BMGs), the density variation
with increasing T was calibrated by the thermal expansion efficient of the alloy. Fig. 2c schematically
illustrates the in situ low-temperature measurements of acoustic velocities using PEO method. The
temperature of this method could reach liquid helium. The method can obtain temperature depen-
dence of the elastic moduli for the glassy materials. RUS technique can be applied to in situ study
Please cite this article in press as: Wang WH. The elastic properties, elastic models and elastic perspectives of
metallic glasses. Prog Mater Sci (2011), doi:10.1016/j.pmatsci.2011.07.001
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the temperature dependence of elastic moduli at high temperature [69], which is useful method to
monitor the elastic moduli change during glass transition or crystallization.
3.2. The information provided from ultrasonic study

Comparing with other elastic moduli measuremental methods, the ultrasonic measurements can
conveniently obtain the longitudinal and shear acoustic velocities in the glassy materials. Because
of the homogeneous feature of the glassy materials, the elastic moduli as well as the Debye temper-
ature and specific heat can be easily determined by using of Eqs. (3.3)–(3.9). The elastic constants of
glassy solids are interesting from both a technological and a scientific viewpoint. From the technolog-
ical perspective, knowledge of the elastic constants is necessary to design structural components.
From the scientific perspective, the magnitude of the elastic constants provides information about
the strength of the interatomic forces and nature of the glasses.

Since acoustic property is particularly sensitive to the microstructure as well as its change, the
studies of the acoustic and elastic properties of glasses can provide important information about their
structural and vibrational characteristics which are quite difficult for other methods to accessible [72–
74]. With the development of various new glassy materials especially the development of the bulk
metallic glasses, the study on the elastic properties using ultrasonic methods will yield a wealth of
experimental elastic data previously inaccessible. The availability of various glass samples, with
marked differences in mechanical and physical properties, thermodynamic and kinetic features and
GFA, make it possible to establish some correlations among the properties and elastic constants,
and to contrast the differences and find the commonness among different glasses [56]. The Elastic
moduli data are basis for establish the elastic model for understand the glass and elastic criterion
for exploring new metallic glasses with controllable properties. The in situ ultrasonic measurements
performed under high pressure and at different temperatures can investigate the pressure and tem-
perature dependence of the structural and elastic properties of the glasses, which provide critical
information on the microstructural characteristics and static heterogeneity, relaxation and phase evo-
lution as well as the elastic and thermal properties during the glass transition of the glasses.

The anharmonicity in a solid gives rise to attenuation via the so called Akkieser effect [75]. The
strong interatomic interaction (measured by Grueneisen parameter c) in a solid results in the larger
anharmonicity. So the attenuation is associated with bonding configuration of the glasses. The ultra-
sonic attenuation study could obtain information about the microstructural characteristics and the
origin for the glass formation.

The computer simulation can be used to determine the elastic constants of glasses [76], and the
calculated results can be confirmed by the ultrasonic study. The elastic moduli are of fundamental
importance for various glasses which have in common the short-range order but lack of long-range
order in the atomic structure [77]. The adiabatic elastic constants are the second derivatives of the
internal energy with respect to strain, and their temperature dependence is related to anharmonic
interactions. Therefore, the elastic constants provide insight into the nature of the bonding of the
glasses. Furthermore, the elastic moduli do not solely depend on the interatomic bonding energy
but also depend on the coordination, on the polymerization degree (reticulation), on the atomic pack-
ing density and on the molecular organization, including the possible formation of ring, chain or layer
units. Therefore, beside the essential role of elastic properties for glassy materials selection in mechan-
ical design [78], the macroscopical elastic moduli provide an important way to get insight into the
microstructure of glass, glass transition, and glass formation [79–86]. The importance of elastic moduli
of glasses is obvious because they are attractive for the prediction of glass physical and mechanical
properties from changes in the composition [56,87].
4. Elastic moduli of metallic glasses

Metallic glass is one of the simplest glasses with atoms or atomic clusters as its structural units
which interact through metallic bonding. And the structure of the metallic glasses is close to dense
random packing of spheres [88–92]. Metallic glassy alloys are normally regarded as elastically isotro-
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pic with a well-defined dispersion relation, so that when the ultrasonic waves propagate through the
glassy sample, the metallic glass behaves as an elastic continuum at temperatures far below their Tg

[54]. However, metallic supercooled liquids are normally quite unstable with respect to crystalliza-
tion. For many years, the very high cooling rate (larger than 105 K s�1) necessary to obtain the metallic
glasses limits their geometry to be very thin ribbons or wires or powders [54]. This makes the studies
of the intrinsic nature of the glass and glass transition, and the measurements of many physical and
mechanical properties very difficult and the understanding of the glassy metallic state has been im-
peded [88]. The acoustic and elastic properties as well as the vibrational features in the metallic
glasses are poorly understood resulting from the inability to prepare bulky metallic glassy specimens.
Through careful selection of composition according to some empirical rules (for example, the confu-
sion rule), for some alloys the stability of their supercooled liquid state can be very high (for example,
the Vitalloy system and Pd-based alloy, their stability even approach that of conventional oxide
glasses) [54,91–93]. At such compositions, bulk metallic glasses with a larger 3-dimension size can
be cast at low cooling rates (<10 K s�1) by the conventional copper mold casting process at a low cool-
ing rate [54]. The preparation of metallic glasses in bulk form makes the accurate study of their elastic
properties using ultrasonic techniques possible. The availability of these new glassy alloys with excep-
tional stable supercooled liquid state (the stable supercooled liquid temperature region of Zr-based
glass-forming alloy could as large as 150 K [54]) also offers a wide experimental temperature and time
windows for measuring accurately the acoustic and elastic properties and investigating the dynamical
relaxation characteristics in metallic undercooled liquids, which are intimately linked to a very basic
property of the corresponding glasses. The studies of the acoustic, elastic and thermal properties of
metallic glasses can also provide important information about the vibrational characteristics [94,95].

With the recent development of a variety of metallic glasses which readily form bulk glass, signif-
icant amounts of data on their elastic and acoustic properties have indeed been obtained [54–
58,82,87,99–146]. It is noted that the obtained elastic data of these BMGs are in good agreement with
that measured using different methods [96–98]. Table 1 lists the density, acoustic data, elastic con-
stants and Debye temperature for various metallic glasses and typical oxide glasses and other non-
metallic glasses at ambient conditions. As an example, the values of density q, longitudinal velocity
vl, and transverse velocity vs of a typical as-prepared Zr41Ti14Cu12.5Ni10Be22.5 BMG (Vit1) at ambient
condition are 6.125 g/cm3, 5.17 km/s and 2.47 km/s, respectively. The elastic moduli of E, G, K, and
m, and Debye temperature, hD of Vit1 calculated from the acoustic data are 101.2 GPa, 37.4 GPa,
114.1 GPa, 0.35, and 326.8 K, respectively [54]. The obtained elastic constants are in good agreement
with that of the BMG measured using other methods such as mechanical deformation method [96].
The studied metallic glass systems cover almost all the known bulk metallic glasses available includ-
ing Zr-, Pd-, Pt-, Au-, CuZr-, Cu-, Fe-, Mg-, Ni-, Ti-, Hf-, W-, Ta-, Ca-, Sr-, CaLi-, CaYb-, Zn-, Sc-, Y-, La-,
Nd-, Ce-, Ho-, Sm-, Er-, Gd-, Tb-, Dy-, Tm-, Lu-, Yb- and Pr-based BMG materials and hundreds of com-
positions [54–58,82,87,99–171]. These BMGs involve in most all transition metals, rare earth metals,
rare metals and alkaline-earth metals. Due to the excellent GFA, these bulk forming alloys have wide
glass forming range. These BMGs also have markedly different physical, chemical and mechanical
properties. In the following we will show that these BMGs do show markedly different characteristics
in elastic properties compared to their crystalline counterparts and other non-metallic glasses, and the
different metallic glasses have different features in elastic properties.

From Table 1, one can see that the ratio of vl/vs for various BMGs arranges from 1.80 to 2.50, and the
average values is around 2.00, which is obviously larger than that of the non-metallic glasses such as
oxide glasses (vl/vs = 1.6–2.0). Fig. 4 exhibits the variations of the ultrasonic velocities in BMGs with
different compositions. It shows that the ratio of ultrasonic shear wave velocity to longitudinal veloc-
ity is independent of the composition and varies linearly with the longitudinal velocity, and they fit a
linear equation:
Please
metal
v s ¼ av l þ b ð4:1Þ
where a and b are constants. The values of a and b are fitted to be a = 0.84 and b = �1.844 for Zr- and
Cu-based BMGs; a = 0.555 and b = �0.2 for rare earth-, Fe-, Mg-based BMGs, and a = 0.556 and b = �0.6
for Pd- and Pt-based BMGs, respectively. This analysis indicates that, though acoustic velocities in
BMGs are dependent on their components and composition, yet the variation of the velocities is
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related to each other. Similar results have been found in various non-metallic glasses such as silicate
glasses, tellurite glasses, borate glasses and phosphate glasses [146,172].

Elastic moduli give a global and often macroscopic view of a material stiffness, and reflect both the
interatomic bonding energies and the connectivity. Since very different materials with all kinds of
interatomic bonding can be formed in glasses, the glassy materials have markedly different elastic
properties depending much on the glass composition and microstructural features. As shown in Table
1, the most frequently measured elastic modulus, the Young’s modulus E, of various glassy materials
extends from 5 to 365 GPa [56,172]. Fig. 5a shows a comparison of elastic moduli (K and E) for various
known BMGs. Fig. 5b shows the E at room temperature and glass transition temperature Tg of various
glasses [172]. The figures show that the glasses with networks structure consisting primarily of chains,
layers units or a highly cross-linked network resulting in a low packing density (such as SiO2 glasses,
chalcogenides, low Si-content silicate glasses) correspond to low values of E and G [172]. The typical
BMGs have Young’s modulus between 25 GPa and 250 GPa, and shear modulus G between 9 GPa
(CaLi-based BMGs) and 88 GPa (Fe-based BMGs). Up to now, the Ce-, Sr-, and CaLi-based BMGs have
the lowest elastic moduli values among known BMGs (e.g. Young’s modulus E 6 30 GPa) and are com-
parable to those of oxides fused quartz and close to those of polymers [123–128,173,174]; and Co-
based glassy alloy exhibits ultrahigh fracture strength of 5.2 MPa, high Young’s modulus of 268 GPa
[175]. The maximum values of elastic moduli are observed in tungsten based metallic glasses
(W46Ru37B17 metallic glass has an E of 365 GPa [176]). From Fig. 5b, one can see that the high perfor-
mance bulk metallic glasses have higher E and K among the glassy materials. Fig. 6 shows the ratio of
Young’s modulus and density of various BMGs and the comparison with other materials. One can see
that the BMGs have relative larger E/q compared with oxide glasses and close to the superhard
materials.

For isotropic materials including glassy materials only two of these elastic constants are indepen-
dent and other constants can be calculated using the relations given by the theory of elasticity. The
best-known Young’s modulus E is most commonly used in engineering design. Therefore, the efforts
have been made to find the relationship between E with other elastic modulus such as G, K and m. The
relationships are useful and effective in the sense that they reduce the number of independent isotro-
pic macroscopic elastic constants. Using Young’s modulus which is the simplest elastic constant to
measure experimentally, all other elastic constants can be evaluated easily. For polycrystalline metal-
lic materials, a rough proportionality between E and G exists in the relation: E/G � 8/3 = 2.67; and the
E/G of porous ceramics is about 2.56. Fig. 7 plots experimental values of E vs. G of various BMGs (more
than 200 data points listed in Table 1, and the Young’s modulus ranges from 12 to 250 GPa) and some
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typical non-metallic glasses (listed in Table 1). The feature of variation of G with E shown in Fig. 7 indi-
cates that a similar relation like other isotropic materials also exists in metallic glasses. All the BMGs
have different compositions and properties prepared by different methods, while all data points fall on
a solid line of E/G = 0.261 for these metallic glasses and other non-metallic glasses. The results indicate
that for the metallic glasses the G (or E) can be easily evaluated from E (or G). It is known that the K is
volume-nonpreserving and closely related to the volume [50].

For an isotropic solid, it elastic behavior is fully described by the longitudinal modulus (L = c11) and
shear modulus (G = c44), and there is an isotropic relation between the components of the related elas-
tic stiffness tensor [26]: c11 = c12 + 2c44. The Cauchy identity c12 = c44 holds when in addition the atoms
interact through a central potential. Then one obtains a reduction to only one independent elastic con-
stant c11 = 3c44 (or L = 3G). For an isotropic solid composed of molecular interacting with two-body
central force, the Cauchy’s identity is stated as: K ¼ 5

3 G, which implies that L and K are equal to 0 when
G = 0. For the Lennard-Jones interaction potential such as in metallic materials, this identity changes to
[41]: K = a + (b � 1.333)G, where a and b are constants. This is known as the generalized Cauchy rela-
tion. The parameters a and b remain constant with changing temperature and pressure, but are sen-
sitive to small changes in the potential. This relation was found to be valid for liquids and glasses [42].
To check the valid of the Cauchy identity in metallic glasses, we compared the values of K and G for
various bulk metallic glasses listed in Table 1. Fig. 8a shows that relationship between K and G for
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various metallic glasses. One can see that all the BMG deviate the Cauchy relation of K = 5/3G. The de-
gree of deviation from the Cauchy relation is related to the anharmonicity of the material [42]. For
some systems, such as rare earth and Mg-, Sr-, Ca-based BMGs, they is indeed in the form of
K = a + bG, which fits the generalized Cauchy relation. While for different systems, the parameters a
and b change and are sensitive to the minor difference in banding nature or small in changes of po-
tential of the BMGs. This indicates that the elastic properties of various BMGs cannot described by only
one elastic constant and the BMGs have differences in bonding nature and interaction potential. Actu-
ally, the systematically studies show that these BMGs indeed have markedly different properties and
features. For example, the Fe-based BMGs with some metalloid elements of P, C, and B have covalent-
like banding nature, and the Pd- and Pt-based BMGs have different structural features compared with
that of the BMGs based on transition metals such as Zr and Cu, and then these BMG systems have
much different parameters of a and b. The results indicate that the extent of deviation from the Cauchy
relation related to the anharmonicity of the material reflects the bonding nature or atomic interaction
potentials of BMGs.

The value of b is fitted for different metallic glass systems to show the degree of deviation from the
Cauchy relation. The Pd- and Pt-based metallic glasses have largest b value of �4.7, and Mg-, Ca-, and
Sr-based BMGs have the smallest b value of �2.10. Fig. 8b shows the relation of the degree of deviation
from the Cauchy relation using the parameters of b and the Poisson’s ratio of these metallic glasses.
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The degree of deviation from the Cauchy relation exhibits clearly correlation with the Poisson’s ratio of
these BMGs, and the BMG with larger Poisson’s ratio m has larger b value or higher degree of deviation
from the Cauchy relation. For example, the m value of Au-, Pt-, and Pd-based BMGs is larger than 0.40,
and these BMGs show obviously larger deviation from the Cauchy relation of K = 5/3G; the values of m
of the Zr- and Cu-based BMGs are about 0.34–0.38, and the BMGs have intermediate degree of devi-
ation; and the Fe- and rare earth based BMGs have low value of m and slight deviation from Cauchy
relation. The degree of deviation from the Cauchy relation is related to the anharmonicity of a metallic
glass, and the anharmonic effect can be determined by the Grüneisen parameter c = �d lnx/d lnV
(where x is frequency, and V is volume) [25], which relates microscopically to the vibrational frequen-
cies of atoms and macroscopically relates to thermodynamic properties such as heat capacity and
thermal expansion in a material.

Fig. 8c shows the relationship between density and K for various BMGs listed in Table 1. One can
see a clear tendency that the metallic glass with higher density has high bulk modulus K.

Poisson’s ratio m, which covers a wide interval of values for various non-metallic glasses and BMGs,
reflects the information and insight on the microstructure, nature and physical and mechanical prop-
erties of glassy materials. Therefore, it deserves a special focus on this parameter of glasses. When a
cylinder of a material such as rubber or polymer is compressed along its axis, common experience says
that it should expand radically from this axis. This everyday phenomenon is embodied by the mate-
rial’s Poisson’s ratio, which is defined as the relative transverse expansion divided by the relative com-
pression in the direction of an applied force [177]. Fig. 9 illustrates the definition of the Poisson’s ratio
[178]. Poisson’s ratio is the negative of the ratio of transverse contraction strain to longitudinal exten-
sion strain in the direction of elastic loading. Hence, m reflects the resistance of a material opposes to
volume change with respect to shape change, and provides insight into chemical bonding of atoms
regarding the variations of bond angle and bond length. Note that Poisson’s ratio is strictly defined
only for small strain linear elastic behavior. It is small for shear-resistant compressible materials such
as cellular solid, and cork has a Poisson’s ratio of close to 0, for which no lateral expansion occurs. For
incompressible bodies such as rubber, it tends toward 0.5 for which the expansion acts to keep the
total volume of the solid constant. Most materials have a positive Poisson’s ratio of between 0 and
0.5. Metallic beryllium is of an ultralow value of �1/20. Most familiar metallic materials such as steels
have Poisson’s ratio close to 0.3. Most materials with low Poisson’s ratio, such as amorphous silica, ex-
hibit highly strain dependent elastic properties. For the solids with m > 1/8 (when G = K, then m = 1/8),
the resistance to bond-length change exceeds that to bond-angle change, and vice versa [179].
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Phenomenologically, it is generally accepted that the materials with low Poisson’s ratio are brittle
[30,180]. For example, ductile face centered cubic metals have high Poisson’s ratio, whereas brittle
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bcc metals have low values [30]. However, the above standpoint does not imply that the materials
with high Poisson’s ratio should be ductile, as evidenced by a large group of brittle ordered interme-
tallic compounds with high Poisson’s ratio [179–181]. The first law of thermodynamics predicts the
bound of m as �1 < m < 0.5. The theory of isotropic elasticity allows m values have negative values which
indeed have been observed at low strain in some polymeric foams structures and anisotropic materi-
als only [182–184].

Glassy materials exhibit a wide range of values of Poisson’s ratio from 0.1 to 0.45. The value of m of
the various BMGs is close to that of their base metals or determined by the base component [56]. The m
and elastic constants of base elements for BMGs at room temperature are collected in Table 2. For
example, the values of m of the Zr-based BMGs are about 0.34–0.37, which are similar to that of Zr
(0.34) and Cu (0.37) (another main component in the BMG). For Au-, Pt-, and Pd-based BMGs, their
m values are around 0.41, which are close to that of Pt, Au and Pd. The Fe (0.29) and rare earth elements
have low values of m (see Table 2), and then the Fe- and rare earth based BMGs have low values of m.
For a solid with covalent bonds such as silicate glass, its value of m is lower than 0.25, which is much
smaller than that of BMGs. The markedly difference in the value of Poisson’s ratio indicates the differ-
ent microstructural characteristics between the metallic glasses and non-metallic glasses. In various
glassy materials, Poisson’s ratio, the atomic packing density and the glass network dimensionality ap-
pear to be strongly correlated [172]. The Poisson’s ratio also correlates with other properties or nat-
ures of glassy materials [56,81,178]. For example, achieving high Poisson’s ratio has even been
considered as a means to improve toughness of BMGs [109].

The variation of Poisson’s ratio with acoustic velocity is given by relation of

m ¼ 1� 2 vs
v l

� �2
� ��

2 1� vs
v l

� �2
� �

. Fig. 10 graphically shows the variation of m vs. acoustic velocity ratio

for about 200 metallic glasses listed in Table 1. Some representative non-metallic glasses are also
shown for comparison. It can clearly see from the figure that the m of the glass increases with the de-
crease of the velocity ratio, and the Poison’s ratio of the metallic glasses ranges from 0.42 to 0.27. Most
BMGs have m values between 0.3 and 0.4. The Pt-, Au- and Pd-based BMGs have the largest m value of
0.42 [111,113], and the Fe-based and some rare earth based (such as Yb-based) BMGs have the lowest
m value of 0.27. The m < 0.25 is associated to nonmetallic glasses with a highly cross-linked network
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Table 2
The density q, melting temperature, Tm, Poisson’s ratio m and elastic constants (Young’s modulus, E, shear modulus G, and bulk
modulus K) of base elements for BMGs at room temperature. Data from Amerrican Institute of Physics Handbook (Mc Graw-Hill,
1972 and Website: http://www.webelements.com).

Element E (GPa) G (GPa) K (GPa) m Hv (GPa) q (g/cm3) Tm (K)

Zr 68 33 – 0.34 9.03 6.508 1125
Ti 116 44 110 0.32 9.70 4.54 1941
Cu 130 48 140 0.34 3.69 8.954 1356
Ni 200 76 180 0.31 6.38 8.902 1726
Nb 105 38 170 0.40 13.2 8.58 2741
Mg 45 17 45 0.29 – 1.738 922
Fe 211 82 170 0.29 6.08 7.874 1808
Al 70 26 76 0.35 1.67 2.70 933
Zn 108 43 70 0.25 4.2 7.14 692
Co 209 75 180 0.31 10.43 8.89 1768
Cr 279 115 160 0.21 10.06 7.19 2163
Be 287 132 130 0.03 16.7 1.847 1551
Hf 78 30 110 0.37 17.6 13.31 2500
Pd 121 44 180 0.39 4.61 12.02 1827
Au 78 27 220 0.44 2.5 19.32 1337
Pt 74 29 57 0.28 5.49 21.45 2045
Ca 20 7.4 17 0.31 1.75 1.54 1112
Sr 6.1 0.28 2.64 1050
W 411 161 310 0.28 34.3 19.25 3683
B 320 9.3 2.35 2373
C 33 3.514 3820
Si 47 100 6.5 2.33 1685
Sc 74 29 57 0.28 – 2.989 1814
Y 64 26 41 0.24 – 4.47 1783
La 37 14 28 0.28 4.91 6.15 1193
Ce 34 14 22 0.24 2.70 7.14 795
Pr 37 15 29 0.28 4.00 6.64 1208
Nd 41 16 32 0.28 3.43 6.80 1297
Sm 50 20 38 0.27 4.12 7.353 1345
Gd 55 22 38 0.26 5.70 7.90 1583
Tb 56 22 39 0.26 8.63 8.22 1629
Dy 61 25 41 0.25 5.40 8.55 1680
Ho 65 26 40 0.23 4.81 8.80 1734
Er 70 28 44 0.24 5.89 9.07 1770
Tm 74 31 45 0.21 5.2 9.321 1818
Yb 24 9.9 31 0.21 2.6 6.570 1097
Lu 69 27 48 0.26 11.6 9.842 1936
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structure. For SiO2 glass, its m is equal to 0.15. One way of classifying solids is to plot their bulk mod-
ulus against shear modulus. From the elastic relation of K/G = 2(m + 1)/3(1 � 2m), one can see that if
G = K then m = 1/8. In other words, when K < G, then m < 1/8; K > 8

3 G, then m > 1/3. Fig. 11 summarizes
the relation among bulk and shear moduli and Poisson’s ratio of most BMGs, typical non-metallic
glasses, some metals and alloys. It clearly shows that for most BMGs, K > 8

3 G; only in some rare earth
based BMGs, K is slightly smaller than 8

3 G. In non-metallic glasses, K is even smaller than G.
An important task for studying metallic glassy materials is in search of the application. The system-

atical data of elastic moduli for BMGs is useful for identifying the attributes of the new glassy mate-
rials and to show which are better than those of existing materials, and which attributes that are
worse. A series of obtained BMGs with markedly different elastic moduli provides more material
selections for applications. The search for glasses possessing high elastic moduli is a relatively old to-
pic, and it is of paramount interest today with the need for new light and durable materials stiffer than
those presently available. For instance, in order to increase both the rotating speed and the durability
of computer hard disks, Al–Mg alloys are being more and more replaced by high Young’s modulus
glassy materials. An enhancement of the elastic moduli allows also for a decrease of the weight of win-
dows (for a given glass density) and thus for a significant decrease of the energy consumption in the
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transportation industry [172]. The elastic moduli and related correlations with physical and mechan-
ical properties are useful for glassy materials design and searching new glassy materials with unique
properties [56]. As shown later the metallic glasses exploration and design based on the elastic moduli
are indeed effective.
5. Pressure dependence of elastic properties of metallic glasses

The pressure, P, dependence of the structural and physical properties of the bulk metallic glasses
can be accurately investigated by the ultrasonic method benefiting from the bulky size of BMGs which
are suitable for measurements of elastic wave propagation even under high pressure [166–171]. The
pressure dependence of acoustic velocities can provide critical information on the microstructural,
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elastic and thermal characteristics, equation of state, anharmonicity and their evolution upon pressure
of glassy materials. The pressure dependence of acoustic and elastic properties of BMGs has been sys-
tematically study recently [166–171].

To determine the pressure dependence of the elastic moduli exactly, it is necessary to know the
dimentional or density changes of the samples with compression. Cook’s method [71], by which the
elastic constants and sample dimensions can be calculated simultaneously and self-consistently,
was used for the density correction under high pressure. When using the Cook’s method, a mesh of
0.1 GPa pressure intervals and a value for the quantity 1 + D of 0.001, which is the ratio of the adia-
batic to the isothermal bulk moduli, were used.

As an example, Fig. 12 presents the pressure dependence of vl and vs of the typical Zr41Ti14Cu12.5-

Ni10Be22.5 BMG (Vit1). The data of vl and vs show no measurable hysteresis effects in the pressure load-
ing and release cycle, and there are no observable permanent changes in acoustic velocities and
density increase up to 2.0 GPa [166]. The pressure-dependent tend of acoustic velocities of the BMG
is similar and independent of the carries ultrasonic frequency. These results indicate the perfectly
elastic behavior in the BMG under homogeneous hydrostatic pressure up to 2.0 GPa. The P-depen-
dence of acoustic velocities of a series of different BMGs with markedly different physical and
mechanical properties has been systematically studied. The P dependence of vl and vs up to 2 GPa
for these BMGs except Ce-based BMG (will be shown later) show similar change tendency, and in-
crease smoothly with increasing P and show an approximately linear P-dependence [56,165–170].
For most BMGs, the change of vl upon P is much larger than that of the vs, and jdvl/dPj � ajdvs/dP,
and a = 2–5. The vl is more sensitive to homogeneous hydrostatic pressure comparing to vs, because
the longitudinal wave is compressional wave and is sensitive to the change of volume, while vs is a
signature of transverse interaction and sensitive to the bonding between atoms [50]. The response
of the acoustic and elastic properties of metallic glasses and non-metallic glasses has been compared.
Fig. 13 shows pressure variations of vl, and vs, of the typical silicate Ti-glass (SiO2 + 8.4 wt% TiO2) [144].
Similar to that of BMGs, the data of vl and vs show no measurable hysteresis effects in the pressure
loading and release cycle. However, in contrast to BMGs, the vl and vs of the silicate glass decrease al-
most linearly with increasing P. This indicates that oxide glass with covalent atomic structure has dif-
ferent response to pressure compared to that of BMGs (with dense random packed metallic structure)
[185], and the P-dependent acoustic properties reflect the structural difference of the different glasses.
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The corresponding P-dependence of elastic constants Y(Y = E, G, K, and m) calculated from the acous-
tic velocities for Vit1 and Ti-glass are shown in Figs. 14 and 15. For Vit1 or other BMGs, E, G, K, and m
increase monotonically and linearly with increasing pressure. The dE/dP, dG/dP and dK/dP of BMGs are
positive, i.e. the elastic constants exhibit a positive deviation with pressure from linearity, showing
that the BMGs stiffen under hydrostatic pressure [165–170]. The application of pressure leads to a
smaller change of vs (1.2%) and G (4.1%) and does not induce acoustic mode softening for the BMGs,
and no phase transition occurs under pressure up to 2 GPa. In the absence of phase changes, such
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monotonic increase of elastic moduli with increasing pressure is attributed to the denser packing of
the BMGs [165–170,186]. The pressure leads to relatively larger changes of vl (2.2%) and K (7.1%)
for Vit1, meaning that pressure has larger effect on the longitudinal acoustic phonons than the trans-
verse phonons in the BMG. This is different from the case induced by crystallization in the BMGs,
which normally causes obvious stiffening of transverse acoustic phonons [151]. While for Ti-oxide
glass, on the contrary, the E G, K, and m decrease monotonically and nonlinearly with increasing pres-
sure and dE/dP < 0, dG/dP < 0 and dK/dP < 0, indicating pressure induce acoustic mode softening (as
shown in Fig. 15). This is markedly different from that of BMGs. At higher pressure, especially K
and m show obviously nonlinear behavior upon P, and m increase upon pressure when P is larger than
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Table 3
Relative pressure-induced variations of q, vl, vs, G, E, K and m for various BMGs, oxide glasses and amorphous carbon. All the
variations for these glasses are measured at 0.5 GPa except for fused quartz at 0.43GPa, water white glass and window glass at
0.42 GPa [56,165–170].

Glasses Dq/q0 (%) DVl/Vl0 (%) DVs/Vs0 (%) DK/K0 (%) DG/G0 (%) DE/E0 (%) Dm/m0 (%)

Fused quartz (0.43 GPa) 1.24 �2.90 �2.49 �5.47 �3.75 �4.14 �2.87
Amorphous carbon 4.09 2.18 �3.09 20.30 �2.24 1.77 26.36
Water white glass (0.42 GPa) 0.92 �0.08 �0.64 1.71 �0.37 �0.01 1.87
Window glass (0.42 GPa) 1.08 �0.06 �1.19 3.14 �1.31 �0.48 4.81
SiO2 + TiO2 glass 1.58 4.57 �3.69 �9.41 �5.77 �6.59 �5.92
Zr41Ti14Cu12.5Ni10.2Be22.5 0.46 0.57 0.30 1.84 1.07 1.14 0.28
Zr48Nb8Cu12Fe8Be24 0.44 0.55 0.23 1.59 0.91 0.99 0.31
Zr50.6Ti5.2Cu18.8Ni14.1Al14.3 0.44 0.64 0.36 1.97 1.16 1.23 0.27
Pd39Ni10Cu30P21 0.32 0.75 0.51 1.98 1.34 1.38 0.15
Cu60Zr20Hf10Ti10 0.39 0.68 0.39 1.97 1.17 1.24 0.27
Ce70Al10Ni10Cu10 1.89 �2.66 �0.29 �6.08 1.30 0.34 �3.91
Nd60Al10Fe20Co10 1.07 0.97 0.39 3.72 1.86 2.10 1.00
Yb62.5Zn15Mg17.5Cu5 2.73 2.07 1.14 8.06 5.67 5.01 2.82
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1.3 GPa. Poisson’s ratio is small for shear-resistance compressible glasses. Fig. 16 shows a comparison
of Poisson’s ratio changes upon pressure for the typical BMG of Vit1 and non-metallic glasses (Ti-
glass). The BMG with much larger m shows an increase of m with its densification under pressure, while
the m of Ti-oxide glass further decreases upon compression. This is due to the strong resistance toward
contraction in transverse direction. The high-pressure experiments indicate that volume conservative
shear flow predominates in BMGs whereas the densification plays a dominant role in silicate glasses.
The data for pressure induced change in acoustic velocities and elastic constants for typical BMGs and
non-metallic glasses are listed in Table 3. Fig. 17 shows a comparison of the changes of volume, acous-
tic velocities, K, E, G under 0.5 GPa for various BMGs. One can see that the BMGs show markedly dif-
ferent changes in density, acoustic velocities, K, E, G under high pressure. The Yb-based BMG show
much bigger change which denotes that the bonding between the atoms increase much more
enormously.

Further physical insight into the acoustic vibrational behaviors of a metallic glass can be gained by
investigating the anharmonicity of the long-wavelength acoustic modes. The Grüneisen parameters of
a metallic glass can be determined using the following equations [50,112]:
Please
metal
cl ¼ �
K

6C11
3� 3C12

K
� 3dK

dp
� 4

dG
dp

� �
ð5:1Þ

cs ¼ �
1

6G
2G� 3K

dG
dp
� 3

2
K þ 3

2
C12

� �
ð5:2Þ
and
cav ¼
1
3
ðcl þ 2csÞ ð5:3Þ
where cl, cs and cav are the longitudinal, shear and average Grüneisen parameters, respectively, and
C11 ¼ qv2

l ; C12 ¼ C11 � 2C44; G ¼ C44 ¼ qv2
s . From the linear fit of the elastic constants vs. pressure,

the cl, cs and cav can be obtained using Eqs. (5.1)–(5.3). The Grueneisen constant c, which is related
to the derivative of K, can also be estimated by using the Slater’s equation [187]:
c ¼ �1
6
þ 1

2
@K
@P

� �
T

ð5:4Þ
For example, the c of Vit1 is 1.85 as estimated from Fig. 14. For Ti-glass, c is �4.02 as estimated from
Fig. 15. The available Grüneisen parameters of various BMGs, oxide glasses and amorphous carbon are
collected in Table 4. The values of c of BMGs are close to the reported values of fused silica (�2.9)
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[188], etched soda glass (2.5) [188], iron (3.4) [189] and silicon (0.8 to �1.5) [190]. This classifies the
BMGs among the solids with larger anharmonicity [191].
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Table 4
Pressure derivatives of longitudinal velocity vl and transverse velocity vs and Grüneisen parameters cl, cs and cav, and Slater’s
Grüneisen parameter csla for different glasses including BMGs, silicate glasses and carbon glass [56,165–170].

Glasses dvl/dP (km/s GPa) dvs/dP (km/s GPa) dK/dP cl cs cav csla

Zr41Ti14Cu12.5Ni10Be22.5 (vit1) 0.055 0.014 4.058 1.65 0.86 1.12 1.85
Zr48Nb8Cu12Fe8Be24 0.055 0.011 4.099 1.54 0.88 1.10 1.84
Zr50.6Ti5.2Cu18.8Ni14.1Al14.3 0.062 0.017 4.344 1.76 0.67 1.03 1.95
Pd39.1Ni10.1Cu29.9P20.9 0.072 0.021 6.277 2.75 2.02 2.26 2.97
Pd40Ni40P20 0.064 0.019 3.30 2.23 2.59
Cu60Zr20Hf10Ti10 0.063 0.016 5.12 2.10 1.34 1.59 2.40
Crystallized Cu60Zr20Hf10Ti10 0.062 0.019 5.21 2.05 1.40 1.61 2.46
Nd60Al10Fe20Co10 0.97 0.389 3.42 1.37 0.64 0.89
Yb62.5Zn15Mg17.5Cu5 0.095 0.029 3.16 1.17 0.70 0.86
Ce70Al10Ni10Cu10 �0.133 �0.007 �3.33 �1.11 0.20 �0.23 �1.831
Amorphous Carbon 0.150 �0.153 4.404 0.76 �0.45 �0.04 2.03
Window glass �0.009 �0.097 2.880 0.27 �0.78 �0.43 1.27
Water white glass �0.015 �0.053 1.777 0.22 �0.38 �0.18 0.71
Float glass 0.008 �0.046 2.096 0.27 �0.42 �0.19 0.88
SiO2 + TiO2 glass �0.462 �0.273 �7.713 �2.25 �2.10 �2.15 �2.42
Microcrystal glass �0.390 �0.180 �3.17 �2.60 �2.79 �3.59
Fused quartz �0.403 �0.218 �4.666 �2.10 �1.75 �1.86 �2.50
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The pressure variation of hD reflects the rigidity of a solid change with pressure. Fig. 18 shows the
comparison of pressure variation of hD for Vit1 and Ti-glass in the range of 0–2 GPa. For the BMG, hD

increases monotonically and slightly with increasing pressure, implying an increase in rigidity of the
BMG with pressure [51]. While for Ti-glass, hD decreases monotonically and significantly with increas-
ing pressure, meaning that the rigidity of the oxide glass is very sensitive to pressure and decreases
rapidly with increasing pressure. In contrast to that of Vit1, large changes in vs(�15.7%), vl(�14.8%),
K(�25.4%), G(�22.0%) and hD(�15.1%) under 2 GPa occur in Ti-glass, indicating pressure induces obvi-
ous softening of acoustic phonons relative to Ti-glass at ambient condition. The softening is compara-
ble to the softening in BMGs induced by crystallization [192,193].

The different responses to pressure of silicate and metallic glasses are due to completely different
structural characteristic of BMGs (random close packing (rcp) atomic configuration) and oxide glasses
[continuous-random networks (crn)]. Oxide glass is a covalent bonded glass with a significant spread
in Si–O–Si bond angles. Under high pressure, the change of the bond angles between atoms in oxide
glass leads to relatively larger volume change, which can sensitively induce changes in the electron
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configuration, atomic interaction force and the relative flow between atoms. So, the oxide glasses have
a large hD and shear modulus change upon pressure.

The equation of state (EOS) of a solid plays an important role in condensed matter physics, geo-
physics and application. However, little information about EOS is obtained for metallic glasses, be-
cause the measurements of EOS have been impeded mainly by the inability to prepare bulk
metallic glassy specimens. The large size and high thermal stability of the BMGs make the detailed
and accurate studies of elastic properties in large pressure range become possible by ultrasonic meth-
od, and provide opportunity for studying the EOS of the metallic glasses. From the data of K0 and K 00ðK0

and K 00 are the bulk modulus and its pressure derivation at P0 respectively), the volume compression
V0/V(P) and their hydrostatic-pressure dependence or the EOS of BMGs in the non-phase transitional
case, can be obtained using the Murnaghan form [195]:
Please
metal
P ¼ K0

K 00

� �
V0

VðPÞ

� �K 00
� 1

" #
GPa ð5:5Þ
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As an example, the P � V relation of the Vit1 and Ti-glass are plotted in Fig. 19. The K0 and K 00 for the
two glasses are obtained from Figs. 14 and 15. The equation of state of the Vit1 is obtained as:
Please
metal
p ¼ 28:3
V0

VðpÞ

� �4:06

� 1

" #
ð5:6Þ
The obtained EOS of Vit1 is close to that obtained by direct P–V measurements at room temperature
[99]. Comparing with oxide glass, the Zr-based BMG exhibits much smaller volume change upon pres-
sure as shown in Fig. 19.
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The volume compressibility or EOS of metallic elements can be expressed as [196]:
Please
metal
DV=V0 ¼ �aP þ bP2 ð5:7Þ

where a and b are constants, volume compression, DV = V(P) � V0. The compression curves of the com-
ponents of Zr, Ti, Cu, Ni and Be obtained by directly volume and pressure measurements [196] are
plotted in Fig. 20 [166]. Remarkably, the compression curves of Vit1 is interposed among their metallic
components, e.g. the compression curve of the Zr41Ti14Cu12.5Ni10Be22.5 BMG is interposed among that
of Zr, Ti, Cu, Ni, and Be as shown in Fig. 20. The volume compression of the BMG can be calculated as a
mean value of all volume compression curves of the Zr, Ti, Cu, Ni, and Be based on the atomic percents
of these constituent elements. The calculating result is also shown in Fig. 20. It can be seen that the
calculating EOS for Vit1 in terms of Eq. (5.7) agrees well with its EOS derived from experimental data
using the Murnaghan form. The phenomenon has been found in a series of various BMGs as shown in
Fig. 21 [166]. This indicates that the compression curve or EOS of BMGs correlates with that of their
metallic components and exhibits a roughly weighted average EOS of these elements. Since the com-
pressibility of a solid is determined by the nature of the interatomic potential and the atomic config-
urations, the total compression of BMGs can be ascribed to the contribution of individual metallic
elements. Furthermore, the pressure dependence of volume change of the BMGs is similar with their
crystallized state, and they all roughly exhibit an average result of their metallic components (see Ta-
ble 4) [167]. The above results therefore imply that the short-range order structure of the BMG has
close correlation with the atomic configurations in their metallic components. Since those metallic
components are of cubic close-packed structures, it is very likely that the similar atomic close-packed
configurations dominate the short-range structure of the BMGs. These highly packed structures have
also been confirmed by density measurements. The relative density change of the BMGs between
amorphous and fully crystallized states is less than 1.0% [56]. The found correlation is fit to almost
all known BMGs and could be used to estimate the EOS of a novel BMG.

The only known exception so far is Ce-based BMGs. The Ce-based BMGs do show unusual features
and properties such as extremely low glass transition temperature (�85 �C), low elastic moduli (close
to those of non-metallic glasses such as some polymers), large supercooled liquid temperature region,
high stability and a very large electron effective mass [123–128]. In near-boiling water, these materi-
als can be repeatedly shaped, and can thus be regarded as metallic plastics. Their resistance to crys-
tallization permits extended forming times above Tg and ensures adequate lifetime at room
temperature. Such materials, combining polymer-like thermoplastic behavior with the distinctive
properties of metallic glasses, have potential in structural and functional applications and can facili-
tate studies of the supercooled liquid state [125,127]. The Ce-based BMGs also show an unusual re-
sponse of acoustic and elastic properties to hydrostatic pressure. Fig. 22 shows the pressure
variations of q, vl, or vs for a Ce70Al10Ni10Cu10 BMG at room temperature up to 0.5 GPa. The q follows
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a linear relation to pressure with an unusually high increase with increasing pressure (up to 1.9% at
0.5 GPa) [169]. The value is much higher than that of other BMGs and similar to or even larger than
that of the non-metallic glasses such as oxides glasses as shown in Table 3. The relative change of
acoustic velocities as a function of pressure is negative i.e. dvl/dP < 0, dvs/dP < 0. This is markedly dif-
ferent from other BMGs but rather similar to nonmetallic glasses. As shown in Table 3, except for the
Ce-based BMG having negative dvl/dp and dvs/dp, all other BMGs have a positive pressure dependence
of acoustic velocities. Meanwhile, the pressure-induced decrease of vl of Ce-based BMG is about 20
times larger than that of vs: jdml/dpj � 20jdms/dpj, while for other BMGs, jdvl/dpj � 2 � j5jdvs/dpj. Such
a large difference between jdvl/dpj and jdvs/dpj even has not been observed in oxide glasses. This indi-
cates that the longitudinal phonon mode is much softer than the shear mode in the Ce-based BMG un-
der pressure, which is similar to that of some non-metallic glasses [54]. This is unusual for BMG with
metallic bonding structure. Fig. 23 presents the pressure dependence of the G, K and m for the Ce-based
BMG. The G has a comparably small increase with pressure while K and m exhibit the largest decreases
up to �6.1% and �3.9% at 0.5 GPa, respectively. According to the relation G ¼ qv2

s , the increased G
comes in large part from the large increase of q under pressure because dvs/dp < 0. The Poisson ratio
m, as a density independent parameter, directly reflects the relative change of vl/vs, so, it is very sen-
sitive to microstructure. The large variation of m under pressure suggests a pressure-induced structural
change in a material. This phenomenon has not been observed in Zr-, Cu-, and Pd-based BMGs
[54,110,144,166–171], whose Poisson’s ratio remains constant or shows small variations under pres-
sure as listed in Table 3. Apparently, the Ce-based BMG exhibits much larger and different variations of
q, vl, K and m compared to those of Vit1, strongly indicating that the Ce-based BMG has a unique struc-
ture that is quite different from those of other BMGs [169]. Actually, an apparent amorphous to amor-
phous phase transition indeed has been reported in Ce-based metallic glasses [197–200].

The Grueneisen constants cl, cs and cav for the Ce-based BMG are �1.10, 0.20 and �0.23, respec-
tively. The BMG has large negative cl value but comparably small positive cs and thus has negative
cav. The large negative cl of the Ce-BMG is comparable to that of silicate glasses [201]. In other words,
the softening vibrational behaviors in the long-wavelength limit of the Ce-based BMG under high
pressure are mainly controlled by the longitudinal acoustic mode. The opposite signs of cl and cs in
the Ce-BMG are similar to that of carbon glass [202], which has a special mixed structure: the C–C
linkage is a mixture of covalent and metallic bonds, while the linkage between layers is van der Waals
bonding. Previous structural analyses have demonstrated the covalently bonded short-range ordering
structures in Al–Ni–Ce melt-spin glasses [203], and the covalent like short-range ordering is the ‘‘ri-
gid’’ structural units such as tetrahedra in oxide glasses and icosahedral cluster in some BMGs. The
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glass with a structure composed of the weakly linked ‘‘rigid’’ structural units, and the soft modes are
low energy deformation of these ‘‘rigid’’ structural units [54,204]. Thus, the normal local structure
similar to that of other BMGs and covalent bonding structures similar to those of oxide glasses may
coexist in the Ce-based BMGs, and the intrinsic glassy structure containing short-range covalent like
bonds causes the anomalous acoustic behaviors under pressure [169]. The EOS of the Ce-based BMG is
presented in Fig. 24. The compressibility of the Ce-based BMG is also similar to that of silicate glasses
but much higher than that of the other BMGs. The elastic properties study confirms that the Ce-based
BMG contains short-range covalent like bonds similar to those of silicate glasses [169].

The elasticity investigations under high pressure in non-metallic glasses also reveal interesting
structural changes regarding either the coordination number or the atomic packing density [172].
Kurkjian et al. [205] predicted that the tetrahedral glasses such as SiO2, BeF2, and GeO2 all exhibit a
negative pressure dependence of their shear moduli and found a direct correlation with Poisson’s ra-
tio: the smaller the m, the more negative the pressure dependence becomes. It is found experimentally
that for silica, the elastic moduli first decrease with pressure up to 2.5 GPa. At higher pressure the elas-
tic moduli increase as is the case for most materials [206]. In silica and silicate glasses, and in low Pois-
son’s ratio glasses in general, high pressure induces permanent densification. Above 20 GPa, the
density of a-SiO2 approaches the one of quartz. This results in a gradual increase of m with pressure,
from 0.15 to 0.3 above 20 GPa. In the case of glassy water, K increases but G decreases with increasing
pressure. Rouxel et al. [207] performed pressure experiments up to 25 GPa at 293 K on silica, soda-
lime-silica, chalcogenide, and bulk metallic glasses. Their results show that markedly different sensi-
tivity in elastic moduli of these glasses from very different chemical systems to high pressure, and this
is linked to the different atomic structure of these glasses. The elastic properties investigation under
high-pressure indeed can provide insight on the information of microstructural characteristics and
bonding nature of the glasses.
6. Temperature dependence of elastic properties of metallic glasses

Elastic constants and their temperature behaviors provide information about atomic configura-
tions, excitations in solids including the anharmonicity of the lattice vibrations [208,209], the den-
sity of electron states at the Fermi level and the shape of the Fermi surface [210], and the activation
barriers for thermally activated relaxations [211]. Ultrasonic may be the only method which enables
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the measurements of high-frequency elastic and loss moduli resulting from atomic motions
underlying relaxation processes, and the elastic moduli data cannot be obtained by extrapolation
of low-frequency mechanical data because of the invalidity of the implicit assumptions [212]. The
ultrasonic method provides sensitive tool for locating phase transitions induced by temperature,
determining phase diagrams, and studying the phase-transition order. The metallic glasses are ther-
modynamic and kinetic metastable, and their mechanical and physical properties are very sensitive
the temperature. The temperature dependence of elastic properties of metallic glasses can
provide important information on various transitions such as the temperature induced relaxation,
structural change, crystalline phase nucleation and growth, crystallization, glass transition, and
mechanical and physical properties changes in metallic glasses. We have systematically studied
the acoustic and elastic properties changes of metallic glasses upon temperatures both in in situ
and ex situ modes in wide temperature range from liquid nitrogen temperature to several hundreds
Centigrade.
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6.1. The elastic property of BMGs upon annealing temperatures

The BMGs exhibits obvious glass transition and wide supercooled liquid region and provide a sys-
tem to study the glass transition, relaxation, and crystallization, and to accurately measure the struc-
tural and physical properties concomitant with these transitions [54]. The Vit1 (its Tg, the onset
temperature of the first crystallization Tx, are 623 K and 698 K, respectively) is an ideal model system
for study of glass transition and crystallization. The Vit1 was annealed at each temperature for 0.5 h,
and then was cooled to room temperature (RT) for ultrasonic measurements [192]. Below 673 K, no
obvious crystallization happens. When annealed near calorimetric Tx, nanocrystalline phases precipi-
tate in the glassy matrix. Above 693 K, the BMG is completed crystallized [192]. Fig. 25a–c shows the
temperature dependence (from RT to 773 K) of q, vl, and vs, which can sensitively reflect the micro-
structural change during glass transition and crystallization of Vit1 [192]. The q increases slightly be-
low calorimetric Tg, and significantly increases near Tg and reaches a maximum in the supercooled
liquid region, follows by a slightly decrease below Tx. After fully crystallization, the q keeps almost un-
changed. The relative change of q in the supercooled state and fully crystallized state are 1.3% and
1.1%, respectively. The marked density change indicates an amount of vacancy-like defects or free vol-
ume is quenched in the BMG even Vit1 was formed at a low cooling rate of 1 K/s, and large volume
change accompanies the glass transition. The volume change in Vit1 has also been observed by
positron annihilation studies [213] and volume–pressure relation measurements [99]. The acoustic
velocities have a sudden increase near calorimetric Tg, and forms a peak in the supercooled liquid re-
gion [see Fig. 25b]. They reach a minimum near Tx and increase again with increasing temperature.
The vs has much larger relative change during the glass transition and in the supercooled liquid region.
The drastic microstructural change during the glass transition process results in the variation of the
acoustic parameters. The relative variations of the elastic constant E, G, K, m and hD upon temperature
for Vit1 are shown in Fig. 26. The E, G and hD show a sudden increase near Tg indicating the stiffening at
the onset of glass transition and reach maximum in the supercooled liquid region, the m also show a
drastic change near Tg but reach a minimum in the supercooled liquid region, while the K does not
show the similar change trends. The microhardness Hv also shows a drastically increase near Tg con-
firms the stiffening and a subsequent monotonic increase [192]. Similar phenomenon has also been
found in Pd-based BMG, ZrTiCuNiAl and ZrNbCuNiAl BMGs. Fig. 27 exhibits the relative longitudinal
and transverse velocities, E, G, K, and m change with temperature for as-prepared Zr53Ti5Cu20Ni12Al10
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BMG. Similar to Vit1, the BMG also show an obvious stiffening onset of glass transition which confirms
the markedly microstructural change during glass transition [214,215].

In contrast to common metals and alloys, whose modulus generally decreases with increasing tem-
perature, the metallic glasses, which resemble rubber and protein like materials, become even much
stiffer demonstrated with an enhanced elastic modulus before glass transition. Fig. 28 shows the mod-
ulus stiffening behavior of a typical Zr46.75Ti8.25Cu7.5Ni10Be27.5 BMG (Vit4) [216]. Before the sharp loss
at glass transition, the elastic modulus manifests a distinct increase onset at 445 K as highlighted in
the inset of the figure. For instance, the liner predicted modulus is 92.4 GPa at 585 K (0.94Tg), while
the actual modulus is 97.3 GPa, which is about 6% enhanced. This indicates a modulus stiffening
behavior before glass transition in the BMG. It is found that the modulus stiffening behavior before
glass transition in BMGs is ubiquitous depending on cooling and heating rates, testing frequencies,
physical aging. The possible physical reasons are attributed to the evolution of the ordered structure
during relaxation [216]. The results indicate that similar to rubber and proteins the BMGs also show
obvious stiffening onset of glass transition. The above results confirm that the sensitive structural
change and unique phenomenon can be sensitively reflected by elastic properties measurements.

The investigations of the acoustic velocities and elastic constants of BMGs upon annealing temper-
ature indicate that the characteristics of glass transition: (1) the discontinue changes of acoustic veloc-
ity, density and mechanical properties demonstrate that an obvious stiff phenomenon happens just
before the glass transition; (2) a large volume change accompanies the glass transition of the BMG;
(3) the glass transition has a marked kinetic nature. The dramatic change of the acoustic velocities,
density, mechanical properties and the striking stiffness of transverse acoustic phonons near Tg also
demonstrate that the glass transition is related to relatively abrupt microstructural change [217–219].

A striking softening of long-wavelength transverse acoustic phonons relative to its crystallized
state of BMGs is widely observed by comparison the elastic moduli between BMGs and their crystal-
lized phases [54,57,151]. Large changes in vs, hD, and G and small changes in q, vl and K between the
glassy and crystallized states are observed in various BMGs. For example, for Vit1, the changes of vs, hD,
and G between the amorphous and crystallized states are 13.5%, 13.4%, and 30.3%, respectively. While
the changes in vl and K are only 5.2% and 3.9%, respectively. Table 5 shows the changes of vs, hD, and G
between the amorphous and crystallized states of various BMGs. The changes of vs, hD, and G between
the glassy and crystallized states are larger than 10%. And the changes in vl and K are only �5%. The
decrease in hD, i.e., the decrease in the maximum frequency allowed, leads to an increase in the effec-
tive atomic distance in BMGs and degradation of bonding strength compared with their crystalline
state. The softening phenomenon has also been observed in amorphization process of thin film in-
duced by irradiation, and is similar to that associated with melting [147]. For the BMGs, with denser
packed microstructure, its density change is about 1.0% and much smaller than that of the oxide
glasses [148], while the oxide glasses exhibit a large density change between crystal and glass state,
e.g. for vitreous SiO2, Dq/q � 20% [149]. Thus, the softening is mainly attributed to the unique micro-
structural characteristics of the BMGs [54,57,151]. The softening phenomenon also indicates that
markedly differences in the electronic state, and atomic interaction between the glassy and crystalline
states exists, even though the coordination number and nearest-neighbor distance of the BMG are not
obviously changed after crystallization. In contrast, the application of pressure does not induce acous-
tic shear mode softening for BMGs. The pressure-induced changes of vl, vs, G, and K for BMGs are dif-
ferent from the changes of these parameters induced by crystallization as shown in Table 6. The
pressure leads to a smaller change of vs (1.2%) and G (4.1%), and relatively larger changes of vl

(2.2%) and K (7.1%) for Vit1. This result means that pressure has larger effect on the longitudinal acous-
tic phonons than the transverse phonons in the BMG. Meanwhile, crystallization causes a striking stiff-
ening of transverse acoustic phonons relative to the BMG.

There are few studies of the acoustic waves in glass-forming liquids even though in certain viscous
liquids (close to melting) the propagating shear elastic modes are found to be existence [164]. This is
due to extremely difficult to perform acoustic measurements at high temperatures. Johnson et al.
developed a smart way to indirectly study the temperature dependence of the liquid shear and bulk
moduli G1 and K1 which depends on the liquid configuration by using ultrasonic measurements per-
formed at a high frequency [220–224]. It is provided that the a-relaxation time of the glass-forming
liquid s = g(T)/G1 is much greater than the inverse of the measuring frequency. To probe the
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Table 5
A comparison of the properties of the glassy state (Ya, Y stands for vl, vs, q, K, G, E, m, and hD) and crystallized state (Yc) for various alloys. DY/Y0 = (YCrystalline � YAmorphous)/YAmorphous (%).

BMGs Zr41Ti14Cu12.5-
Ni5Be22.5

Zr46.75Ti8.25Cu5.5-
Ni10Be27.5

Zr48Nb8Cu14-
Ni12Be18

Zr48Nb8Cu12-
Fe8Be24

Zr53Ti5Cu20-
Ni12Al10

Pd39.1Ni10.1-
Cu29.9P20.9

Nd60Al10-
Fe20Co10

Cu60Zr20-
Hf10Ti10

Ce70Al10-
Ni10Cu10

Mg65Cu25Tb10 Pr60Al10Ni10Cu20

Tg (�C) 350 350 383 388 395 291 302 461 86 141 127
Tx (�C) 425 458 448 460 450 364 510 509 104 214 179
Annealing T (�C)

and time (h)
500, 2 550, 1 448, 2 600, 1 680, 1 423, 1.5 510, 1 598, 1.5 257, 1 240, 1 390, 1

Dvl/vl0 5.3 4.4 5.5 4.52 2.32 3.2 2.2 3.8 13 7.5 8.6
Dvs/vs0 13.5 10.8 8.7 10.9 �0.32 12.4 3.9 11 21 10.3 17.1
Dq/q0 1.1 1.05 0.98 1.21 2.94 0.7 0.41 0.58 0.6 0.4 0.35
DK/K0 4.0 2.6 9.9 4.09 10.0 2.2 2.9 2.4 22.9 12.3 10.8
DE/E0 27.2 27.7 18.4 22.2 54 25.0 7.74 21.9 43.5 20.8 34.7
DG/G0 30.3 31.0 19.2 24.5 48 27.2 8.4 24.2 47.0 22.2 37.6
Dm/m0 �9.4 �9.5 �2.7 �6.0 �2.8 �7.0 �9.9 �4.8 �5.2
DhD/hD0 13.44 10.8 11.0 22 12.3 3.95 11.0 20.6 10.3 16.8
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Table 6
A comparison of acoustic and elastic properties of the Zr41Ti14Cu12.5Ni10Be22.5 BMG under high pressure and after crystallization. Y0

stand for as-state (Y0 = vl, vs, G, K and hD), Yp high pressure (2.0 GPa) state and Yc crystallized state.

vl (km/s) vs (km/s) G (GPa) K (GPa) hD (K)

(Yc � Ya)/Ya (%) 5.2 13.5 30.3 3.9 13.4
(Yp � Y0)/Yp (%) 2.2 1.2 4.3 7.7 1.8
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dependence of G1 on the configurational state of the liquid, the acoustic velocities of the glassy spec-
imens were measured after thermal relaxation to the equilibrium liquid state in the supercooled liquid
temperature region. The ultrasonic measurements were performed ex situ on the relaxed BMG sample
at RT after being quenched rapidly from the processing temperature in the supercooled liquid temper-
ature region. The total annealing time at each temperature TA was chosen to be less than the time to
the onset of detectable crystallization as determined by the time–temperature transformation for the
BMG samples and comparable to the previously determined time for viscosity relaxation to occur
[220]. This ensures that the samples are in a fully relaxed glassy state. Provided the rapid quenching
time is short compared to the a-relaxation time at TA, the relaxed liquid can be configurationally cap-
tured, and the acoustical properties at room temperature are characteristic of the equilibrium liquid at
TA. The isoconfigurational shear modulus at TA were then estimated by extrapolating the room temper-
ature measurements using a linear Debye–Grueneisen constant to account for the thermal expansion
effect on the shear modulus of the frozen glass. By using this method, the T dependences of G1 and K1
in the liquid state for various BMGs are obtained and directly related to the viscosity and fragility of
the glass-forming liquids [220–224]. However, this method can only be applied to the BMG systems
with high GFA and very stable supercooled liquid state. For most known BMG systems, their super-
cooled liquid state temperature range is not large enough for the method.

6.2. In situ measurement of temperature dependence of elastic moduli of BMGs

The precise measurements on temperature dependence of elastic constants of BMGs are essential
to understand the physical and mechanical properties as well as the glass transition displayed in
BMGs. However, the T dependence of elastic moduli data of metallic glasses is sparse due to experi-
mental difficulties in measurements and lower resistance to crystallization of most metallic glasses.
It remains relatively difficult to obtain good estimations of the elastic moduli at elevated temperature
in glasses until the 1950s, with the progress in high-temperature ultrasonic method and direct
mechanical vibration including mechanical spectroscopy. Efforts have been made recently to study
the behavior of the elastic modulus around Tg for typical glass and BMGs [225–237].

6.2.1. In situ measurement of temperature dependence of elastic moduli during glass transition
The resonant ultrasound spectroscopy (RUS) method was recently developed to determine the full

elastic tensor of the solid from a single frequency scan. The method could be applied to in situ measure
the acoustic velocities of glasses at high temperature [64–68]. The advantages of this technique lies in
the ability to work with small, mm sized samples and the sample can be heat treated during the ultra-
sound spectroscopy measurements, which is very useful for study the elastic moduli changes during
phase transition and glass transition [225,226]. The RUS method can even be applied to study the elas-
tic properties of melt. For instance, the speed of longitudinal sound waves has been measured in li-
quid, supercooled, and amorphous selenium (Tg = 35 �C, one of the simplest glass-forming
substances), including the region around the Tg by RUS [165]. Four temperature regions with strongly
different relaxation times can be distinguished between RT, Tg, Tx and the melting point by the mea-
surements. Each region is marked by a change in the slope of the temperature dependence of the
sound velocity. Near Tg the velocities of longitudinal and transverse sound exhibit hysteresis with a
step-like drop on heating and a more continuous rise on cooling. The T dependence of the velocity
in supercooled selenium can be interpreted as a phase diagram. The phase diagram contains a melting
temperature, at which no feature occurs in the sound velocity on heating from, or cooling to, the
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supercooled state. In contrast, a step-like anomaly occurs in both the longitudinal and transverse
velocities of sound near the Tg. It is speculated that this anomaly in the sound velocity may be a gen-
eral feature of the glass transition [165].

The RUS method has also been applied to study the elastic properties changes and features of BMGs
during glass transition and crystallization processes. Similarly to conventional crystalline metals, the
elastic moduli of the BMGs monotonically decrease upon heating. However, the ratio of changes in the
shear and bulk moduli (DG/DK) (for example, for the PdNiCuP BMG) from 20 �C to 290 �C is 7.5, which
is much larger than that of conventional crystalline metals of about 2 [226]. For Ca-based BMGs, below
Tg, both Young’s modulus and shear modulus decrease with increasing temperature, and the Poisson’s
ratio increases with increasing temperature. A decrease in the softening rate above Tg suggests that
structural changes are important, and these trends reverse due to crystallization [225]. The tempera-
ture dependences of the density, viscosity, ultrasound velocities and attenuation of the PdSi alloy in
liquid state have also been measured. A difference during heating and subsequent cooling with a
ranching temperature at 1380–1430 K was observed for all measured quantities. An abnormally high
attenuation of ultrasound was furthermore observed during several hours after that the sample was
melted. The results are interpreted in terms of metastable inhomogeneities existing in the melt [235].

Some BMGs with exceptional low Tg and exceptionally stable supercooled liquid state were re-
cently developed [63,125,173,238,239]. These BMGs enable their T-dependent elastic constants to
be in situ determined well into the supercooled liquid state in a N2 flushed atmosphere using a pulse
echo overlap method. Since the used carrying frequency of 10 MHz was 1010 times the relaxation rate
of �1 mHz for the BMG in the measuring temperature range, the measured elastic constants were ta-
ken as the instantaneous elastic moduli. The insignificant temperature effects on the quartz transduc-
ers and the bonding resin in the measuring temperature range were determined by using standard
samples and ruled out to minimize their influence on the ultrasonic velocities measurements.
Fig. 29 shows in situ temperature dependent acoustic velocities around Tg (=343 K) of a Ce68Al10Cu20-

Co2 BMG and a breakaway polymeric glass with very low Tg (=323 K) for comparison [232]. At calori-
metric Tx, a discontinuously sudden increase of vl corresponding to the crystallization of the BMG is
seen in Fig. 29b, which suggests that the transition temperatures (Tg and Tx) determined by DSC
and the acoustic method are well consistent. Below Tg, both vl and vs of the BMG show weak T depen-
dence and similar T derivatives to that of the crystallized BMG. Importantly, at calorimetric Tg, a sharp
drop (1.68%) of vs happens while no obvious change of vl is detected, and the softening temperature
Tg�vl of vl [as indicated in Fig. 29c] is about 6 K higher than that of vs. For breakaway glass
[Fig. 29d], the dramatic softening of vs also occurs at calorimetric Tg(323 K) while the softening tem-
perature of vl, Tg�vl is about 14 K higher than that of vs. The two cases show that only vs becomes soft-
ening at Tg while the softening of vl happens in a separate temperature above Tg. The T-dependences of
vs and vl of the BMG are distinctively different not only in the decrease magnitude but also in their
corresponding softening temperature around glass transition. The softening temperature of vs corre-
sponds well with calorimetric Tg in the two glasses, while the softening of vl occurs about 10 K above
calorimetric Tg. The vs is a signature of transverse interaction and sensitive to the bonding between
atoms, while vl is sensitive to the change of volume because the longitudinal wave is compressional
wave [50]. The results indicate that a sudden change of volume does not occur at calorimetric Tg.
Fig. 30a and b shows that a pronounced softening is observed in the T-dependent volume-preserving
G curves of both glasses, while the volume-nonpreserving K consistently shows very weak T depen-
dence around calorimetric Tg. Especially for the breakaway glass, nearly no obvious variation was ob-
served in the K–T curve around Tg, and the values of dK/dT in glass and supercooled liquid state are
similar. In supercooled liquid state, dG/dT is more than three times larger than dK/dT in glassy state
for the two glasses. These experimental results clearly imply that the G is an effective parameter
for governing the glass transition in the glasses, and the T-dependent G can accurately describe the
change of the viscosity and fragility in the two glass-forming liquids [232].

Using the temperature dependent data of G and K, the m values of the glasses can be determined
from the correlation existing between the softening rate and relaxation kinetics [240]. The m values
calculated from the elastic and potential energy landscape models for the two glasses are close to
the experimental result. For both glasses, the m value obtained from the ‘‘shoving’’ model is close
to that of PEL estimation [232]. The results therefore experimentally demonstrate that the ‘‘shoving’’
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model is equivalent to potential energy landscape on the description of the relaxation activation en-
ergy. The result also supports that the G can be used to expain the liquid behavior near Tg at least in the
two glasses. Assuming that s0 = 10�13 s and s(Tg) = 103 s at Tg [240,241], the calculated lns vs. Tg/T
according to the ‘‘shoving’’ model for the two glasses are plotted in Fig. 31. It clearly shows that the
T-dependent G near Tg is directly responsible for the liquid fragility and a larger decrease of G with
temperature approaching Tg. For comparison, the viscosity of the Ce-based BMG and the breakaway
glass were measured using dynamic mechanical analysis method as shown in Fig. 31. One can see that
the calculated and experimental T-dependent relaxation time data roughly fit for the Ce-based BMG
and breakaway glass. The experimental s data of breakaway glass also fit well to that of the
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Pd40Ni40P20 glass with similar m value. The in situ instantaneous elastic moduli measurements well
into supercooled liquid show manifestations of critical important of shear during glass transition.
The results provide direct experimental evidences for confirming that the activation energy for viscos-
ity slow down and configurational changes in the liquid potential energy landscape scales with shear
modulus. The temperature dependence of elastic moduli such as E and Poisson’s ratio for a series of
non-metallic glasses indeed exhibit a transition range between slow softening rate and a faster one,
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Fig. 32. Temperature dependence of Young’s modulus of various non-metallic glasses [172].
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corresponding to glass transition as shown in Fig. 32 [172]. The temperature dependence of the elastic
moduli above Tg can be discussed in terms of the fragile vs. strong character of liquid, and the rate of
softening is indicative of the glass-forming liquid fragility.

Thermal mechanical analyzer (DMA) can monitor temperature and frequency dependence of both
storage and loss moduli of BMGs [83,97,242–248]. DMA measurements were performed on a series of
strong and fragile metallic glasses in isochronous and isothermal routes to study the dynamic
mechanical relaxation in BMGs and their supercooled liquid state close to their Tg. The metastable
glasses will relax into more stable states, and the inevitable relaxation accordingly makes it a powerful
means for deep understanding the nature of glass and glass transition. There are two relaxation modes
which attract most interest of researchers [34–38]: one is the primary relaxation or a-relaxation,
which is closely related to the glass transition process; another is the secondary Johari–Goldstein
relaxation or slow b-relaxation [34–38,249,250]. The slow b-relaxation is considered to be a near uni-
versal feature of glass-forming liquids at low temperatures. At the crossover temperature Tc above Tg,
the a- and slow b-relaxations merge into one effective process [249,250]. However, many supercooled
liquids, especially for rather strong ones, do not exhibit the well-resolved b-process, but an excess
wing contribution to the high-frequency wing of the a-peak [249–251]. The slow b-relaxation, as a fas-
ter and more local relaxation mode, can be regarded as a precursor of a-relaxation and it may probably
relate to the superior mechanical performance of metallic glasses. (For example, the slow b-relaxation
is regarded to correspond the activeation of shear transformation zone during plastic deformation of
BMGs [82].) However, there has so far been no consensus on this issue even on a qualitative level, and
the physical origins of the excess wing and slow b-relaxation are commonly considered as one of the
great mysteries of glass physics [249–251]. The b-relaxation was originally seen to indicate local
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diffusion, both rotational and translational, in loosely packed isolated regions, and represents the mo-
tion of ‘island’ [249,250]. Another view based on the dipolar correlation function is that the slow b-
relaxation may be attributed to faster, small angle reorientational motion of all molecules. It is still
unclear if this process has an intermolecular or intramolecular origin, or whether it reflects small or
relatively large-angle jumps. The dynamical mechanical relaxation arising from the elastic dipole
reorients after the removal an external stress has been found to be available to the dynamics of the
supercooled liquids with an assembly of equal-size or different-size [252,253]. The method could pro-
vide more direct evidences for the underlying physics of the excess wing and slow b-relaxation, since
in the system reorientation of elastic dipole cannot occur by the reorientation of the spheres about
their axis [253]. Metallic liquid is the very systems with atoms which interact through metallic bond-
ing, and its structure is close to a dense random packing of spheres. The BMG-forming supercooled
liquids offer a wide experimental temperature and time windows for investigating the dynamical
characteristics in supercooled liquids and for verifying that if exist the excess wing and how universal
it is in the supercooled liquids.

High-precision dynamical mechanical relaxation measurements were performed on a TA
DMA2970. A sinusoidal strain was applied during all dynamic mechanical measurements with fre-
quency range from 10�2 to 200 Hz. The temperature and frequency dependent modulus measuring
accuracies for the DMA were better than 2%. A complex modulus G�(x,T) = G0(x,T) + iG00(x,T) can be
obtained from the DMA results [254]. The elastic modulus such as shear modulus G(T) can be deter-
mined as [254]: G(T) = G0(x,T)(1 + tan 2d) = G00(x,T)(tand + 1/tand), where tand = G00/G0 is the internal
friction. Specimen in the shape of rectangular sheet was tested in a single-cantilever bending config-
uration and protected in an argon atmosphere. Before DMA measurements, all samples had been
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heated into respective supercooled liquid region and cooled at constant rate (640 K/min) to RT in or-
der to erase the interfering of the formation of the as-cast samples.

Fig. 33a exhibits the typical storage (G0) and loss (G00) moduli of Zr46.75Ti8.25Cu7.5Ni10Be27.5 (Vit4)
determined from 473 K to 750 K at a heating rate of 3 K/min and a frequency x of 1 Hz [243]. In glassy
state G0 and G00 are slightly dependent of temperature increasing from 300 to 500 K. From 500 K to the
onset temperature of glass transition (603 K), both G0 and G00 increases slowly and gradually due to the
physical aging occurring during heating. In the supercooled liquid region, an obvious asymmetrical
peak characterized by a smaller slope at low-T side can be found in the G00-curve, while the G0 de-
creases to zero at higher T, exhibiting a typical liquid characteristic. The occurrence of the crystalliza-
tion is exhibited with an abrupt increasing of G0 at 725 K. Fig. 33b shows that G0 and G00 as function of x
at 653 K. An asymmetrical peak is also exhibited well in the G00-curves, and G0 increases from zero to a
constant value with increasing x. The change of the G0 and G00 in Fig. 33a and b has an inverse
tendency.

Fig. 34 presents the x-dependence of G0 and G00 of supercooled liquid state of Vit4 determined iso-
thermally by DMA from 608 to 678 K. The dynamical characteristic of the supercooled liquid is exhib-
ited well by the G00-curves. The values of log10xP (xP is the peak frequency) directly indicate the
frequencies of the molecular fluctuation which are relevant for the susceptibilities. The T-dependence
of log10xP, usually called as molecular mobility, is relevant for the dynamical relaxation [252,253].
Fig. 35 shows log10xP vs. reciprocal peak temperature 1/TP of G00-curves determined from the isother-
mal and continuous heating processes. The consistence in the molecular mobility between isothermal
and continuous heating processes affirms the correlation between them, and the isothermal process is
the limitation of the continuous heating process. The T-dependent xP of the G00-curves is fitted by the
Vogel–Fulcher–Tamman (VFT) expression: xP ¼ x0 exp �B

T�T0

� �
[239–241]. From the fit, the parameters

of x0, B and T0 for Vit4 are determined to be 4.6559 � 1014 Hz, 10134.6 K and 352 K, respectively. The
fragility m of Vit4 is then calculated to be 38. The values of B, T0 and m are almost same as those deter-
mined from the T-dependent viscosity [255].

From Fig. 34 one can see that all spectra of G00 for Vit4 dominated by a single and asymmetrical peak
shifting through the x-axis with temperature exhibit a typical relaxation behavior, which has been
considered to represent mainly the a-relaxation process [252,253]. The data were fitted with the
Kohlrausch–Williams–Watts (KWW) form (or the Havriliak–Negami function) [252,253]: The Fourier
transforms of d DG exp � t

s

	 
bKWW
h in o

=dt, where DG = G(x =1) � G(x = 0), bKWW a stretched coefficient,
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Fig. 36. Comparison with the dielectric relaxation loss data of a small molecule glass former of MTHF (has the same bKWW as the
Vit4 metallic glass) at two same temperatures (638 K and 648 K, black open circles) [247,248].
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and s the averaged relaxation time. The originally and purely phenomenological KWW form is used
because the KWW function has been theoretically derived from a system with a distribution of relax-
ation times, and can describe the a-relaxation well which represents the process with a distribution of
relaxation time. It can be clearly found in Fig. 34 that a departure or excess wing at high-x flank of the
a-peak exists and becomes more pronounced with decreasing temperature. The departure from the
KWW form has also been observed in dielectric measurements on the molecular supercooled liquids
without obvious slow b-peak [252,253]. Fig. 36 shows the comparison of the data with the dielectric
relaxation loss data of a small molecule glass-former called MTHF at two temperatures [248]. The
MTHF has obvious excess wing in the dielectric relaxation loss curve and the same bKWW as that of
Vit4. One can see that the excess wing in Vit4 over the KWW fit is larger than that of MTHF, which
further confirms the existence of excess wing in BMGs.

The superposition of the a- and b-processes is exhibited in G00-curves determined in the continuous
heating process. Fig. 37 exhibits the best fits for the G00-curves of Vit4 determined in continuous
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heating processes (heating rate of 5 K/min) at 1, 4, and 16 Hz. The fitting s has a form:
s ¼ 1:6� 10�15 exp 9668:42

T�352

	 

. The fits yield a better representation of the peak part above TP, but the

low-T data display higher value than the fits. Similar to the observation in loss modulus curves deter-
mined isothermally, an excess wing on the a-curve in G00-curves is exhibited. The slow b-process exist-
ing in the metallic supercooled is faster than the a-process and appears firstly during continuous
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heating, and then the a-process follows. Because of the intrinsic dynamical characteristic of the metal-
lic supercooled liquids the slow b-process is not fully decoupled from the a-process.

DMA measurements were performed on a series of strong and fragile metallic glass-forming liquids
in isochronous and isothermal routes. Fig. 38 shows the reduced loss modulus G00=G00p of the six BMGs
[Vit4, Zr65Cu15Ni10Al10, (Cu50Zr50)92Al8, Pd40Ni10Cu30P20, Pd40Ni40P20 and La57.5(Cu50Ni50)25Al17.5] in
temperature domain measured at 1 Hz with the heating rate of 3 K/min. G00p is the loss modulus at
the peak and the temperature is also scaled by the peak temperature T1

p . Common characteristics of
all these curves can be divided into three regions: Region I is the low T range where G00 is nearly inde-
pendent of temperature; Region II has a characteristic shoulder which is affirmed to be related to the
slow-b relaxation. The results indicate that the slow b-relaxation is universal for these BMGs. Region
III is the one where the G00-peak can be found. The peak is a typical characteristic of supercooled liquid,
and related to the a-relaxation. The three regions have more or less individual characteristics, and the
individuality depends on the dynamical characteristic of different BMGs.

For the six BMGs, Pd40Ni10Cu30P20, Pd40Ni40P20 and La57.5(Cu50Ni50)25Al17.5 liquids have larger fra-
gility index m, and the other three liquids are rather strong with small m. It is noted that the individ-
uality of region II in the reduced G00–T curves corresponds to the fragility m; i.e. the larger m the BMG
has, the more obvious its region II is. This can be qualitatively explained as: for strong liquids, if the
size of cooperative rearrangement region does not change significantly during T changes, the relaxa-
tion times of the primary and secondary relaxations do not differ a lot, and only an inconspicuous
bump below Tg can be discerned in the strong glass-forming liquids. On the contrary, the slow b-relax-
ation could evolve into an obvious shoulder in fragile glass-forming liquids. A relationship between a
scaled parameter related to b-relaxation in the form (Tl � Tb)/(Tl � T0) and fragility of BMGs is estab-
lished in Fig. 39. Tb is the onset temperature of the secondary relaxation. Tl � Tb is scaled to Tl � T0 to
diminish the large difference among various BMGs. For the metallic liquids, (Tl � Tb)/(Tl � T0) shows an
increasing trend with increasing fragility although relative change of Tl � Tb and Tl � T0 to that of Vit4
tends to decrease with fragility (inset in Fig. 39). The quantitative relationship is: (Tl � Tb)/
(Tl � T0) = 0.016m. The distance between Tl and Tb also decrease with increasing fragility (up to
�17% ) which means that the absolute distance between Tl and Tb is larger for strong system. But
the (Tl � Tb)/(Tl � T0) increases with fragility, which indicates a obvious correlation between the
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degree of coupling between a and slow b-relaxation modes and the intrinsic dynamic characteristic of
the BMGs indicated by their fragilities.

Frequency sweeps was conducted on Pd40Ni10Cu30P20 (573–593 K) and Vit4 (628–668 K) samples
and their respective master curves are shown in Fig. 40. Both BMGs show a prominent a-relaxation
peak in frequency domain. On the low frequency side of the loss peak, the two BMGs behave in the
same way within experimental error but they differ significantly at high frequencies. After bifurcated
at about 1 decade frequency, the spectra of Pd40Ni10Cu30P20 possess larger value of normalized G00 and
the difference tends to increase with frequency. The KWW fit to the experimental spectra of Pd40Ni10-

Cu30P20 with b = 0.57 (solid line) is plotted in Fig. 39, and the dash line is the result of subtracting the
fit curve from the experimental data. The difference provides another evidence of the existence of slow
b-relaxation in Pd40Ni10Cu30P20.

The dynamic elastic modulus analysis results indicate that slow b-relaxation mode is ubiquitous in
metallic glass-forming systems though it may manifest as an excess wing in strong glasses due to
strong coupling with the a-relaxation. The degree of coupling between a and slow b-relaxations cor-
relates with the fragility of the glass-forming liquids and causes an obvious violation of the time–tem-
perature superposition principle in rather strong metallic glass-forming liquids. The finding of
existence of b-relaxation in the metallic supercooled liquids affirms that the separation of the a-
and b-relaxations is universal and the b-relaxation process arises from the small-scale translational
motions of atoms which are hindered in its metastable atomic solid-like islands [83,97,282,248].
These results indicate that the dynamic elastic modulus analysis upon temperature and frequency
is effective method for relaxation study in metallic glasses and glass-forming liquids.
6.2.2. In situ measurement of temperature dependence of elastic moduli at low temperatures
The velocities of ultrasonic waves vl and vs of representative Vit1, other Zr-based BMGs, (Cu50Z-

r50)95Al5, Cu-, La-, Ca-, and Ce-based BMGs as a function of temperature were in situ measured down
to liquid nitrogen temperature [256–261]. The temperature variations of vl and vs for these BMGs are
shown in Fig. 41a–c. Both vl and vs increase roughly in linear with decreasing T in cooling process for
these BMGs. This suggests that bonding strength in the glassy alloys decreases with increasing tem-
perature and has similar temperature dependence of sound velocities to that of crystalline alloys
[262]. The T dependence of acoustic velocities shows no measurable hysteresis effects down to the
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liquid nitrogen temperature. The vs has larger change compared with that of vl upon the decreasing
temperature meaning that temperature has larger effect on the transverse acoustic phonons than that
of the longitudinal phonons in the BMGs [256].

The variations of the E, G, and K of these BMGs obtained from the acoustic measurements are
shown in Fig. 42. All the elastic moduli monotonously increase with decreasing temperature, indicat-
ing the continuous stiffness of these BMGs with decreasing temperature. The G and E exhibit markedly
increment with the drop of temperature while the K only shows a slightly reduction. The changes of
the shear and bulk moduli ratio (dG/dK) from the liquid nitrogen temperature to ambient temperature
[Vit1: 2.61, (Cu50Zr50)95Al5: 2.63, La68Al10Cu20Co2: 3.14 and Mg65Cu25Gd10: 2.69] is larger than that of
conventional crystalline alloys (dG/dK = 2) [226]. The variations of Poisson’s ratio as a function of T
(normalized to Tg) for the four BMGs are shown in Fig. 43. The m shows the decreases with the decreas-
ing temperature indicating that the temperature variation of m does not markedly depend on the type
of the BMGs [256]. The change trend of the m upon temperature is also consistent with the behavior of
conventional alloys [262]. Because the large m is correlated to a better ductility [56], the decrease of m
in low temperature could suggest more disappointed deformation ability.

The temperature dependence of elastic constants of metallic glass can be universally modeled by
the Varshni expression [225,263]
Fig. 41.
vs0 are

Please
metal
CðTÞ ¼ Cð0Þ � s
expðhE=TÞ � 1

ð6:1Þ
where C(0) is the value of the elastic constant at 0 K, hE the effective Einstein temperature, and s an
adjustable parameter related to the strength of the anharmonic interactions. This expression is based
on the assumption that the thermal phonons, which are responsible for the anharmonic effects, can be
represented approximately by hE. The elastic moduli of these BMGs are well fitted with the Varshni
expression as shown in Fig. 42. Through the Varshni fitting, the elastic moduli at 0 K are obtained
and listed in Table 7. The parameter s, which is determined from temperature dependence of K, can
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be expressed as [264]: s ¼ 3kBhE
X0

cðcþ 1Þ, where X0 represents the mean atomic volume, and c is the
Grüneisen parameter. Using the fitting parameters hE and s from the Varshni expression for bulk mod-
ulus, the c of the BMGs can be obtained and listed in Table 7. The values of c for the BMGs are in the
range of 1.3–1.8, which are consistent with that obtained by other method and much larger than that
of the non-metallic glasses (less than 1.0) (see Table 4). The positive Grüneisen parameters indicate
stiffness mode under low temperature.

The long wavelength phonon contribution to the heat capacity can be calculated from the elastic
moduli by [50,51]:
Please
metal
Cp ¼
2p2k4

B

5�h3v3
0

T3 ð6:2Þ
where kB and ⁄is Boltzmann’s constant and Planck’s constant, and v0 is an average sound velocity given

by: 1
v3

0
¼ 1

3
1
v3

l
þ 2

v3
s

� �
. The vl and vs at the low temperature limit (0 K) can be calculated through the

moduli G(0) and K(0) yielding from the Varshni fitting: v lð0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4Gð0Þ=3þ Kð0ÞÞ=q

p
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vsð0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Gð0Þ=q

p
[225]. Using these values, the acoustic contribution to the low temperature molar

specific heat for the BMGs is obtained (listed in Table 7). The hD for the MBGs (listed in Table 7) ex-

tended to 0 K can also be obtained by [50]: hD ¼ vv0
kB

3
4pX0

� �1=3
.

From above results, the entire temperature dependence of the shear and bulk moduli can be writ-
ten as:
Table 7
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GðTÞ ¼ GðRTÞ þ s
ehE=RT � 1

� s
ehE=T � 1

ð6:3Þ

KðTÞ ¼ KðRTÞ þ s
ehE=RT � 1

� s
ehE=T � 1

ð6:4Þ
where RT is room temperature. The predictive ability of Eqs. (6.3) and (6.4) has been tested using
experimental data obtained on a number of BMGs [256–261].

For comparison, the acoustic data of the non-metallic water-white glass with covalent bond (main
constituent is SiO2) were measured at low temperatures. The water-white glass has a rather small
sity q, vl, vs E, G, K, and Poisson’s ratio m at ambient temperature. E(0), G(0), K(0), and vl(0), vs(0), which are the elastic
and ultrasonic velocities at low temperature limit, respectively, are calculated from the Varshni expression. The v0(0) and
e the average sound velocity and molar specific heat at 0 K. c is Grueneisen constant [256,259].

ple Vit1 (Cu50Zr50)95Al5 Mg65Cu25Gd10 La68Al10Cu20Co2 Ce68Al10Cu20Co2

) 625 695 406 374 341
m/s) 5.116 4.699 4.272 2.911 2.612
m/s) 2.415 2.120 2.232 1.379 1.322
Pa) 96.3 88.7 49.8 31.7 31.4
Pa) 35.5 32.3 19.0 11.7 11.8
Pa) 112.0 115.8 44.2 36.6 30.3

0.357 0.372 0.312 0.355 0.328
(GPa) 100.5 93.1 53.8 34.2 –
(GPa) 37.1 34.0 20.7 12.6 –
(GPa) 113.8 117.9 45.5 39.6 –
(km/s) 5.180 4.763 4.382 3.028 –
(km/s) 2.469 2.174 2.332 1.431 –
(km/s) 2.777 2.450 2.606 1.610 –

1.6 1.8 1.5 1.3 –
(J/mol K4) 5.619 � 10�5 8.643 � 10�5 8.595 � 10�5 4.552 � 10�4 –

) (K) 325.9 282.1 282.8 162.3 –

cite this article in press as: Wang WH. The elastic properties, elastic models and elastic perspectives of
lic glasses. Prog Mater Sci (2011), doi:10.1016/j.pmatsci.2011.07.001

http://dx.doi.org/10.1016/j.pmatsci.2011.07.001


0

2

4

6

8 vit1
CuZr-based
La-based
Mg-based
WWG

(Y
LN

-Y
0)/Y

0 (%
)

KGEvsvl

Fig. 44. The comparison for the relative changes DY = (YLN � Y0)/Y0 (Y = vl, vs, E, G, and K) between the state (YLN) of liquid
nitrogen temperature and the ambient state (Y0) for Vit1, (Cu50Zr50)95Al5, La68Al10Cu20Co2, Mg65Cu25Gd10, and oxide water-
white glass (WWG) [256].

W.H. Wang / Progress in Materials Science xxx (2011) xxx–xxx 67
temperature effect on its elastic behavior in contrast to metallic glasses as contrasted in Fig. 44. The
change of temperature has slight effect on oxide glass because of the strong directionality and large
energy of the covalent bonding, while in BMGs, the metallic bond without directionality can be easily
and continuously affected by temperature [265].

Cerium-based BMGs have attracted great attention due to their unique properties [123–
128,169,187–199,266,267]. The pressure dependence of elastic moduli of Ce-based BMGs, unlike that
of other BMGs with normal mode stiffening, exhibits anomalous elastic and acoustic behaviors under
pressure [169]. This anomalous behavior is attributed to the intrinsic features of Ce element and the
unique structure of the Ce-based BMGs. The cryogenic and acoustic experiments are performed on a
representative Ce68Al10Cu20Co2 BMG. The T-dependences of vl and vs of the Ce-based BMG are shown
in Fig. 45. For the Ce68Al10Cu20Co2, vl and vs show very different behavior with the decreasing temper-
ature from that of other BMGs and conventional alloys [259]. Their dependences on temperature seri-
ously deviate from the linear relationship. Furthermore, the vs exhibits positive temperature
coefficient which indicates the mode softening under cooling, and this is contrary to the regularity
of other BMGs. The response to temperature of acoustic behaviors similar to that under high pressure
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Fig. 45. The temperature dependences of vl and vs of Ce68Al10Cu20Co2BMG; v0 is the velocity at ambient temperature [259].
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is unusual compared to other BMGs and crystalline alloys. The variations of the E, G, K and m as a func-
tion of temperature of the Ce-based BMG are shown in Fig. 46. Although E and G display stiffening
mode with decreasing temperature, K abnormally decreases with decreasing temperature. The de-
crease of K directly indicates the softening of Ce-based BMG under cooling process. Moreover, E, G,
and K all completely deviate from the quasi-linear tendency in the measured temperature range
[259]. In contrast to other BMGs, the K and Poisson’s ratio of Ce-based BMG have the larger variations
upon decreasing temperature [257,259]. These results show that the elastic moduli of Ce-based BMG
are much more sensitive to cooling temperature. The monotonously increases of G and E under cooling
indicate that there is a stiffening of transverse acoustic phonons in the Ce-based BMG.

As a major component of Ce-based BMGs, Ce plays a key role in the physical behavior and proper-
ties of the BMGs. For Ce element, because the energy level of the inner 4f electrons is very closed to
that of the outer or valence 5d and 6s levels, and thus only small amounts of energy can change
the relative occupancy of these electronic levels giving rise to a variable electronic structure [268].
The valence of Ce can be changed by low temperature and high pressure. Under 100 K, the valence
of Ce becomes a non-integral valence 3.67 from the valence 3 at room temperature, which corre-
sponds to the lattice collapse arising from the change in electronic structure [269,270]. The mutable
electronic structure leads to a complex phase diagram and the solid–solid isostructural c M a phase
transition of Ce element [268–270]. For the Ce-based BMGs, the abnormal elastic moduli response
to pressure and temperature are closely related to the evolution of electronic configuration of Ce at
low temperatures or under high pressure. The softening of longitudinal acoustic phonons and the
sharp drop of K are corresponding to the relaxed structure and the shrinkage of atomic radius owing
to the continuous increased valence of Ce under cooling. Without 4f electrons and changeful electronic
structure, La-based BMG displays a normal acoustic and elastic behavior under cooling, which con-
firms the abnormal elastic moduli of Ce-based BMG root in the alterative electronic configuration of
Ce. The volume shrinkage of Ce-based sample upon cooling down to liquid nitrogen temperature
was measured and compare to other representative BMGs [259]. The Ce-based BMG indeed exhibits
larger contraction under cooling more than other BMGs, which indicates the intensive reduction of
interatomic distance. Except for the normal cooling shrinkage, the shrinkage of atomic radius of Ce
from the increasing valence occurs obviously. This implies a possible electronic phase transition in
Ce-based BMGs at lower temperatures, most likely amorphous-to-amorphous phase transition, which
also found under high pressure [197–199].

The elastic moduli are directly dominated by the second derivative of potential energy in the meta-
stable structural state between atoms. Although the process of relaxation in metastable metallic
glasses is very slow under low temperatures, it can be reflected by T dependent elastic moduli. It is
found that the mechanical behavior of BMGs has been markedly changed at low temperatures
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[271], and the change can be reflected by the Poisson’s ratio [56,272,273]. So, the dependences of elas-
tic moduli on temperature can provide useful information for understanding the relaxation, mechan-
ical and physical properties of BMGs. Since the longitudinal wave interacts with electrons and the
transverse one lacks such interactions, simultaneous longitudinal and shear waves measurements
upon temperature can provide useful information about structural changes, phase-transition, and
elastic and electronic contributions for glassy alloys [274,275].
7. Time dependence (structural relaxation) of elastic constants of metallic glasses

The properties of glasses change with time due to the structural relaxation. When kept isother-
mally, their density, optical, electrical, mechanical and elastic properties change spontaneously and
continuously with time and progressively approach the properties of a disordered structure of lower
energy [34–38]. Ultrasonic is the effective method which enables the measurements of high-fre-
quency elastic moduli resulting from atomic motions underlying relaxation processes [275]. Since
glassy alloys show a nonideal elastic behavior due to anelasticity similar to organic and inorganic
glasses [276], it is expected that the elastic moduli measurements can reflect information on the struc-
tural relaxation induced changes of the physical properties of the BMGs [54]. The ultrasonic is also the
effective method for detecting the microstructural changes resulting from ageing-induced primary
nanocrystallization, phase separation and short-range order to medium range order change in BMGs,
which are difficult to detect by other methods such as XRD and DSC methods.

Fig. 47 presents the variations of vl, vs, and density of Vit1 isothermal annealed at 633 K (�1.02Tg)
[the annealing temperature is in its supercooled liquid region (623–698 K)] for different times [277–
279]. The acoustic measurements were performed on the annealed Vit1 at RT. The XRD patterns of the
annealed Vit1 for various annealing times exhibiting no obvious crystalline peaks are observed up to
90 h annealing. While micro-structural change happens when Vit1 was annealed for prolonged time in
the supercooled liquid region, and the annealed BMG have smaller first nearest-neighbor distance
compared with the as-prepared state [278,279]. DSC traces confirm that the glass transition and the
crystallization are significantly affected by annealing [279]. Both vl and vs increase with increasing
annealing time as indicated in Fig. 47a. The change of vs upon annealing time is much larger than that
of vl. The large density difference, 1% (the relative density change between as-prepared and fully crys-
tallized BMG is about 1.2% [279]) can be seen in Fig. 47b, which demonstrates the densification of the
BMG with increasing annealing time. The corresponding elastic constants E, G, and K shown in Fig. 48
show similar change trend with increasing time. The large changes in the vs (9.6%), hD (9.6%), G (21.4%),
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q (1.0%), and vl (3.2%) between the BMG in as-prepared and 90 h annealed states confirms the micro-
structural change induced by isothermal annealing near Tg. The properties changes of G and E, which
are structure-sensitive, are chosen to plot vs. ln(t) in Fig. 49. It can be seen that the change of the G and
E varies roughly linearly with ln(t), and an approximate relation DY/Y0 / ln(t). This corresponds to a
continuous spectrum of activation energies for the relaxation in the BMGs [280–284]. The change
in the shear modulus of non-metallic glasses has been measured with time, and it has been suggested
that the change follows a non-exponential, nonlinear change in the relaxation rate with time
[285,286]. Olsen et al. [287] found that the MHz frequency shear modulus of Siloxane glass, kept at
a temperature close to its Tg, decreases with time in a nonexponential nonlinear manner. Granato
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[288] concluded that the elastic moduli, enthalpy, and volume of a glass change in the same manner
upon structural relaxation.

The change in elastic and vibrational properties with annealing time for one of the most stable
Zr46.75Ti8.25Cu7.5Ni10Be27.5 BMG (Vit4) was studied to examine the structural-dependent properties
of glasses [29]. The Vit4 was kept in a pure argon atmosphere at 100 Pa pressure for a prechosen per-
iod at 523 ± 0.1 K (�0.86Tg), which is 127 K below its Tg for annealing. The annealing temperature is
close to T0 of the Vogel–Fulcher–Tammann equation for viscosity [289]. After certain time, the sample
was removed from this container and allowed to cool to room temperature to measure the acoustic
velocities. Fig. 50 plots the vl, vs and Poisson ratio m against the logarithmic annealing time t [29].
All the three quantities increase with log (t) qualitatively in a stretched sigmoid shape manner
approaching a limiting plateau value. The measured increase in vl and vt is �2%, while m decreases
by �1% in a stretched sigmoid manner thereby indicating that the Vit4 becomes laterally stiffer on iso-
thermal annealing. It is conceivable that some of Poisson’s ratio decrease is due to the collapse of the
weakly bonded regions or island of mobility in the glass structure. Because the high ultrasonic wave
frequency of 10 MHz, the m, G, K and E values determined here are equal to the instantaneous or lim-
iting high-frequency values. The G, K and E are plotted against log(t) in Fig. 51. The plots of K1 and G1
against log(t) show that the two moduli increase according to,
Fig. 50
corresp
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K1ðtÞ ¼ K1ð0Þ þ ½K1ð1Þ � K1ð0Þ�ð1� exp� ½kt�nÞ ð7:1Þ
with K1(0) = 108.6 GPa, K1(1) = 111.7 GPa, the rate constant, k = 7.37 � 10�6 s�1, and the parameter
n = 0.5, and
G1ðtÞ ¼ G1ð0Þ þ ½G1ð1Þ � G1ð0Þ�1� exp� ½kt�nÞ ð7:2Þ
with G1(0) = 34.91 GPa, G1(1) = 36.96 GPa and the same values of k and n as for K. The value of n is
comparable to n = 0.3–0.7 observed for different glasses [286,287]. The bulk and shear moduli remain
linearly related to each other as: K1(t) = 54.83 ± 0.76 + (1.54 ± 0.02)G1(t). This is expected from the
generalization of the Cauchy identity [41,290,291]. Annealing treatments reduce the free volume
5.10

5.12

5.14

3.5 4.0 4.5 5.0 5.5 6.0 6.5
0.351

0.352

0.353

0.354

2.430

2.445

2.460

(c)

(b)

(a)v l (k
m

/s
)

υ

log10(t ) (s)

v s  (
km

/s
)

. (a) The plots of the density and the longitudinal sound velocity against logarithmic time for Vit4 at 523 K. (b) The
onding plot of the transverse velocity. (c) The corresponding plot of the Poisson’s ratio [29].

cite this article in press as: Wang WH. The elastic properties, elastic models and elastic perspectives of
lic glasses. Prog Mater Sci (2011), doi:10.1016/j.pmatsci.2011.07.001

http://dx.doi.org/10.1016/j.pmatsci.2011.07.001


35

36

37

110

112

3.5 4.0 4.5 5.0 5.5 6.0 6.5

96

98

100

G
 (G

Pa
)

K 
(G

Pa
)

E 
(G

Pa
)

log10(t) (s)

(c)

(b)

(a)

Fig. 51. (a) The bulk modulus K of Vit4 at 523 K is plotted against log(t). (b) The corresponding plot of the shear modulus.
(c) The corresponding plot of the Young’s modulus [29].

72 W.H. Wang / Progress in Materials Science xxx (2011) xxx–xxx
content and increase the atomic packing density, and then slight increase of the elastic moduli of var-
ious glasses. For instance, a 15% increase of E in a borosilicate glass (B22% B2O3) after annealing of a
quenched sample has been reported [292]. A large E increase from 106 (as-quenched) to 115 GPa in
a Cu60Zr22Ti18 BMG was reported after annealing at Tg. A further improvement, up to 142 GPa, was ob-
served after a 120-min long plateau at Tg [293].

The relaxation process can also be described as a decrease in the fictive temperature (Tf) of a glass,
i.e., the temperature at which the glass properties would correspond to that of a liquid if it is heated
extremely rapidly, without allowing further relaxation to occur. Although a glass has no configurations
available to its structure, it is said to have configurational entropy which is seen to be equal to the con-
figurational entropy at Tf [284]. The configurational and vibrational properties, and elastic moduli of a
glass change during its structural relaxation [284], but this does not explain why the rate of structural
relaxation and configurational entropy at a fixed temperature decrease concomitantly [29]. In energy
landscape paradigm [294–296], with annealing time, state point of the glass shifts to a deeper mini-
mum of higher curvature and both the vibrational and configurational contributions to its properties
decrease.
8. Correlations between elastic moduli and microstructure, glass formation, glass transition,
fragility and melting

Understanding of the nature of glass, the temperature dependent slowing down of relaxation in
glass-forming liquids, the flow in the glass and glass-forming liquids, the structural characteristics
and the relation between microstructure and properties of glasses, and the dynamics in glasses are
the central issues in glassy physics. However, when one tries to formulate an atomistic theory of
glasses, one right away faces a major difficulty that it is a challenge even to describe the atomic
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structure of glasses accurately. The glasses and liquids have a structure characterized by disorder and
randomness, and yet they are condensed matter with strong interatomic correlation. This ‘many-body’
nature of glass makes it difficult to proceed theoretically [297] because we cannot benefit of the trans-
lational symmetry and resultant Bloch theorem. A glassy state is thought to be an unsuitable basis for
understanding structure and properties, and the understanding the nature of glass and glass transition
is regarded as the deepest and most interesting unsolved problem in modern condensed matter theory
[298]. It is still rather vague how the structure affects the mechanical and physical properties for
metallic glasses. In the absence of reliable theories the most frequently used concept by experimen-
talists is the old idea of free-volume advanced by Cohen and Turnbull [299–301]. While this theory
has been successful as a phenomenology and its physical reality as applied to metallic glasses is ques-
tionable [302–304]. Over the last three decades, several other phenomenological theories have also
been proposed to understand the nature of glass, glass transition, flow in glasses and glass formation.
However, it has not been possible to quantitatively predict the experimental phenomena by these
models [36,88]. The lack of a reliable theory of glass physics has led to the pursuit of correlations be-
tween various glasses or viscous liquids parameters, and the situation is similar in metallic glass field
[56,82,87,145,272,305–363]. It is remarkable that metallic glasses with isotropic structure show
behaviors that are in some way much more regular than that of crystals which can be readily mea-
sured by ultrasonic method.

Instantaneous elastic moduli of a glass are related to the curvature of the potential energy mini-
mum and the anharmonic force contributions [35,364,365]. The deeper energy minima of lower en-
ergy have a higher curvature and would correspond to higher instantaneous elastic moduli [79].
Knuyt and Stals [366] have derived simple expressions for the shear and bulk moduli for amorphous
metals. The derivation was accomplished by using a Gaussian distribution for the nearest-neighbor
distance and a two-particle interatomic potential. The theory explains the lower values of Poison’s ra-
tio for a crystal in comparison with a glass of the same composition due to structural ordering. The
theory can also describe qualitatively the dependence of Poisson’s ratio on changes of atomic structure
in structural relaxation and hydrostatic compression of metallic glasses [49]. In structure point of
view, the elastic characteristics (say Young’s modulus and shear modulus) at the continuum scale al-
low getting insight into the short- and medium-range orders existing in glasses [80,341]. In particular,
the atomic packing density, Cg, and the glass network dimensionality appear to be strongly correlated
with elastic moduli. Moreover, the temperature dependence of the elastic moduli brings light on the
structural changes occurring above the glass transition temperature and on the depolyamerization
rate in the supercooled liquids. The softening rate depends on the level of cooperativity of atomic
movements during the deformation process [80,341]. Furthermore, the elastic properties have the
essential role for materials selection in mechanical design [80,367] because they closely correlate with
mechanical properties of materials. In a word, the elastic moduli are key parameters which link the
liquid and its glassy state, and correlate the microstructural features and macroscopic properties in
glasses. The possible correlations among the properties or features and elastic constants could assist
in understanding the long-standing issues of glass formation and structure, the nature of glass and
searching for new glasses.

The ultrasonic studies of the elastic properties of more and more bulk metallic glasses have yielded
a wealth of experimental elastic data previously inaccessible in metallic glasses owing to their small
size. Significant amounts of data have been collected on thermal, mechanical and physical properties
as well as the information on the microstructural characteristics for various BMGs with markedly dif-
ferent properties (e.g. fracture strength rF, fracture toughness KC, Vicker’s hardness Hv, thermody-
namic parameters like Tg, Tx, Tm and fragility) [54,56,58,90,368–372]. For example, the La-, Sr-, Zn-
and Ce-based BMGs with the ultralow elastic moduli values (e.g. Young’s modulus E < 30 GPa) are
comparable to those of oxides fused quartz and close to those of polymers [123–128,173], and the
CaLi-based BMGs with lowest density and elastic moduli (�23 GPa) comparable to that of human
bones [238]; and Co-based glassy alloy exhibits ultrahigh fracture strength of 5185 MPa, high Young’s
modulus of 268 GPa [175]. Mg-, and Fe-based BMGs are very brittle, their fracture toughness KIC value
of 1 � 2 MPa m1/2 approaching the ideal brittle behaviors associated with brittle oxide silica glasses
[373–376], and some BMGs with excellent plasticity have also been obtained [85,113,377–394]; the
Tg of the BMGs ranges from as low as 299 K of Sr-based BMGs [173] to as high as 1151 K of tungsten
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based metallic glass. The excellent glass-forming ability of the BMG systems has also permitted better
characterization of the thermodynamics and kinetics of metallic glass formation, and plentiful data of
fragility, viscosity, thermal stability, melting temperature, reduced glass transition temperature,
Trg = Tg/Tl (the key parameter to evaluate the GFA of an alloy) are obtained for various BMGs
[54,56,58,90,368–371,395]. Therefore, the availability of various BMG samples, with marked differ-
ences in physical properties, thermodynamic and kinetic features and GFA, make it possible to estab-
lish some correlations among the properties or features and elastic constants. Based on these data,
indeed, some clear correlations have been found. These correlations, as we listed in the following,
could lead to smart searches for new BMGs with desirable properties rather than the trial-and-error
method, and assist in the understanding of the glass nature, properties and formation.

8.1. The correlations between elastic properties and microstructure of metallic glasses

Elastic properties of a glass can reflect the information of its microstructure. In various glasses
including non-metallic and metallic glasses, the elastic characteristics at the continuum scale allow
to get insight into the short- and medium-range orders existing in glasses [42,49]. Poisson’s ratio m
is determined by the relation of the energy necessary for pure shear realization to the energy neces-
sary for the separation of a body into particles remote from each other for infinitely large distances.
Simultaneously, m is also determined by the indices of interatomic potential which characterize the
stiffness of interatomic forces. That is, the values of m is determined both by the structure of the sub-
stance and the parameters of the interatomic potential. (The structural interpretation of Poisson’s ratio
is possible today only within semi-empirical correlations resulted from the relation of Grueneisen’s
theory [397] and Nemilov’s theory [290,398].)

The structure of glass can be described by the atomic packing density, Cg. The Cg, which reflects the
structural characteristics of glasses, is defined as the ratio between the minimum theoretical volume
occupied by the ions and the corresponding effective volume of glass [172,341]:
Please
metal
Cg ¼ q
X

fiV i

X
fimi

� �.
ð8:1Þ
with for the ith constituent with AxBy chemical formula: Vi ¼ 4=3pN xr3
A þ yr3

B

	 

, where N is the Avo-

gadro number, rA and rB are the ionic or atmomic radii, fi is the molar fraction, and mi is the molar
mass. The Cg is estimated to be about 0.52 for a standard window glass and 0.45 for a-SiO2. An esti-
mation of the packing density in metallic glasses was obtained by giving the atomic radius of each ele-
ment its value in the corresponding pure metal. The relatively high values (>0.75) are obtained for
multicomponent BMGs [172,341]. The various glasses have a wide range of value of m depending on
glassy structure according to the survey [56,290,341]. It is found that the m, Cg, and the glass network
dimensionality appear to be strongly correlated in various glasses [341]. Fig. 52 presents the relation
between m and Cg of various glasses [172]. The wide spectrum of glasses with different types of atomic
bonds shows a clear trend. Maximum values for Cg (Cg > 0.7) are observed for metallic glasses (based
on cluster-like structural units) with larger Poisson’s ratio. Atomic networks consisting primarily of
chains and layers units (chalcogenides, low Si-content silicate, and phosphate glasses) correspond
to Cg < 0.56 and lower Poisson’s ratio. The Cg increases monotonically with m from about 0.41 of a SiOC
glass (m = 0.11) to about 0.87 for a PdCuNi metallic glass (m = 0.4). The glasses experience densification
under high pressure. Various glasses of silica, soda-lime-silica, chalcogenide, and bulk metallic glasses
under 25 GPa at RT show that there is a direct correlation between m and the maximum post-decom-
pression density change: Dq/q / exp(�bm) (b is constant) [207]. This indicates that m can be regarded
as a useful index to predict the extent of densification of a glass with an arbitrary composition, and the
Poisson’s ratio closely correlates with the microstructure of various glassy materials.

The Poisson’s ratio also correlates to the glass network connectivity [333]. Experimental data show
that m decreases monotonically with the mean coordination number hni as shown in Fig. 53. The hni,
which is a useful parameter to correlate the physical properties to the structural changes of glasses, is
defined as hni =

P
fini, where fi and ni are the atomic fraction and the coordination number of the ith

constituent, respectively. A highly cross-linked network, as exemplified by amorphous silica (a-SiO2),
leads to a small m (m = 0.15), whereas weakly correlated networks, such as for chain-based chalcogen-
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Fig. 52. Poisson’s ratio vs. atomic network packing density for various glasses including metallic glasses [172].

Fig. 53. Poisson’s ratio vs. the average coordination number hni for different kind of glasses [341].
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ide glasses or clusters packed metallic glasses, exhibit values of m higher than 0.3 (up to 0.4). Poisson’s
ratio also depends on the dimensionality (D) of the structural units of glasses [341]. This tendency is
shown in Fig. 54, and the tendency is particularly pronounced when elements with very different va-
lences substitute one for the other [341]. It is noted that m from 0.30 to 0.40, which is the range for
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BMGs consisting of quasi-equivalent cluster-type units eventually packed with an icosahedral-like
medium-range order [89,90,399], is predicted by extrapolating the bounds of the Poisson’s ratio do-
main to smaller cross-link degree or to 0D structural units.

The microstructure of various glasses also links to the bulk modulus. There is a correlation between
K and the volume or density of various glasses [172]. The density or molar volume of an alloy reflects
the information of the microstructure and has close relation with glass-forming ability, plasticity, and
other properties for some BMGs [358,360,400,401]. The statistical survey of elastic moduli vs. density
is applied to various rare earth (RE) based BMGs [402]. Fig. 55a shows K vs. q for different kinds of RE-
based BMGs. One can see that the data are rather dispersed, and K and q do not exhibit a clear corre-
lation. However, when the abscissa is changed into average molar volume, Vm (Vm = molar mass/den-
sity), as shown in Fig. 55b, the K and Vm shows clear exponential correlation. To further verify the
correlation, the survey is applied to much more different kinds of BMGs for those their K and Vm data
are available. These BMGs include 54 kinds of Ca-, Mg-, RE-, Zr-, Cu-, Ni-, Fe-, Pt-, Pd-, Au-based BMGs
with markedly different physical properties, and the data are listed in Table 8. Fig. 56 shows the rela-
tionships of K vs. q [Fig. 56a] and K vs. Vm [Fig. 56b]. Similarly, the K vs. q is quite scattered, while their
K and Vm show clear correlation for these markedly different BMG systems.

The bulk modulus for a solid can be expressed as [32]: K ¼ X0
@2U
@X2

� �
X0

, where U is the potential en-

ergy, U ¼ 1
2

P
zuij; uij is the potential energy between two atoms of i and j, uij = �Ar�n + Br�m = �AX�n/

3 + BX�m/3, X = r3 is the atomic volume; X0 is the equilibrium atomic volume, Vm� NAX0, NA is
Glassy SiO2 

ν=0.14

GeSe2 

ν=0.286

Glassy Se

ν=0.323

Zr-based BMG

ν=0.37

Fig. 54. Schematic drawings of glass atomic network structural units with increasing Poisson’s ratio: a-SiO2, with each Si atoms
bonded to four oxygen atoms; GeSe4, where layers of germanium (black spheres) are sandwiched between layers of selenium;
a-Se that mainly consists of chain units but some rings (here Se8) may form too; and a Zr-based metallic glass possibly based on
icosahedral-like clusters [341].
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Avogadro constant; A, B, m and n are constants; z is the number of near-neighbor atoms. The first term
of �AX�n/3 represents the longer-range attractive energy and the second term of BX�m/3 represents
the corresponding short-range repulsive energy. The long-/short-range nature of the two forced is sat-
isfied if m > n, which is also needed for solid stability. Minimum total potential energy is achieved
when @uij=@rjr¼r0

¼ 0. This induces An
Bm ¼ r�mþn

0 . By substituting B with: B ¼ An
mr�mþn

0
;K can be expressed

as: K ¼
P

ij
Anðm�nÞ

9 zX
�nþ3

3
0 , or K / V�a

m . From the data fit in Fig. 56b, the value of a is determined to be

about 2.6 for these BMGs. Then, the exponent n a ¼ nþ3
3

	 

of the attractive part of the Lennard-Jones

potential is estimated to be 4.8. This physical analysis confirms the correlation between K and Vm.
Actually, in crystals, the compounds that with similar atomic structure and electronic physical prop-
erties will share the same form in K � X�a

0 correlation [32]. It is thought that the BMGs have short-
range order similar to crystals, and then, the similar K � V�a

m correlation existing in metallic glasses
indicates that correlation derives from the short-range nature of atomic bonding.

Fig. 57a shows the relation between shear modulus G and Vm for various BMGs. The G also shows
roughly correlation upon Vm for all the investigated BMGs systems, while K shows much stronger in-
crease tendency with decreasing of Vm. For the systems with smaller Vm, such as Pd-, Pt-, Zr-, Ni-, Cu-,
Au-based BMGs, the G is relatively smaller than that of the rare-earth- and Ca-based BMG. The differ-
ent changing tendency of K and G stimulates us to survey the relationship between Poisson’s ratio m
(which is equivalent to the ratio K/G) and Vm among various BMGs. Fig. 57b shows the data of m vs.
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Fig. 55. (a) Bulk modulus K of 18 kinds of RE-based BMGs vs. density. (b) Much better correlation when change the abscissa axis
to molar volume, Vm, shown in logarithmic coordinates. The red line is the linear fitting data [402].
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Table 8
The bulk modulus K, shear modulus G, Poisson’s ratio m, density q and average molar volume Vm for more than 50 kinds of different
BMGs [54,56,58, and references therein].

Compositions q (g/cm3) Vm (cm3/mol) K (GPa) G (GPa) m

Ca65Mg8.54Li9.96Zn16.5 1.956 20.249 20.15 8.95 0.307
Ca65Mg8.31Li9.69Zn17 1.983 20.1 18.45 8.98 0.291
Yb62.5Zn15Mg17.5Cu5 6.516 19.244 19.78 10.4 0.276
Ce70Al10Ni10Cu10 6.67 16.943 27 11.5 0.313
(Ce20La80)68Al10Cu20Co2 6.653 16.777 32.93 11.86 0.334
Ce68Al10Cu20Nb2 6.738 16.703 30.06 11.65 0.328
(Ce80La20)68Al10Cu20Co2 6.694 16.687 31.79 11.64 0.337
Ce68Al10Cu20Co2 6.752 16.568 30.33 11.8 0.333
Ce68Al10Cu20Ni2 6.753 16.565 31.77 11.98 0.332
Ce68Al10Cu20Co2 6.806 16.436 30.13 11.36 0.333
La55Al25Cu10Ni5Co5 6.0 15.896 44.2 15.6 0.335
Nd60Al10Ni10Cu20 6.689 16.12 42.8 13.5 0.358
Pr55Al25Co20 6.373 15.0683 43.48 15.42 0.324
Dy55Al25Co20 7.56 14.274 52.22 23.52 0.304
Tb55Al25Co20 7.488 14.148 50.19 22.85 0.302
Ho55Al25Co20 7.888 13.849 58.81 25.42 0.311
Er55Al25Co20 8.157 13.5509 60.7 27.08 0.306
Tm39Y16Al25Co20 7.301 13.511 66.1 29.7 0.304
Tm55Al25Co20 8.274 13.469 62 25.6 0.302
Lu39Y16Al25Co20 7.593 13.301 71.3 30 0.316
Lu45Y10Al25Co20 8.014 13.246 70.2 31.1 0.31
Lu55Al25Co20 8.694 13.200 69.2 30.6 0.316
Mg65Cu25Gd10 3.79 12.509 45.1 19.3 0.313
Mg65Cu25Y9Gd1 3.336 12.368 39.045 20.427 0.27
Mg65Cu25Y10 3.284 12.357 41.36 18.87 0.329
Mg65Cu25Y8Gd2 3.4285 12.233 39.854 20.12 0.29
Mg65Cu25Y5Gd5 3.65 12.053 39.1 19.7162 0.29
Mg65Cu25Tb10 3.98 11.9548 44.7 19.6 0.32
Zr64.13Cu15.75Ni10.12Al10 (S2) 6.604 11.682 106.63 28.46 0.377
Zr65Cu15Ni10Al10 6.642 11.652 106.65 30.27 0.355
Zr61.88Cu18Ni10.12Al10 (S1) 6.649 11.508 108.33 29.1 0.377
Zr55Al19Co19Cu7 6.2 11.442 114.9 30.8 0.352
Zr57Nb5Cu15.4Ni12.6Al10 6.69 11.438 107.7 32 0.379
Zr57Ti5Cu20Ni8Al10 6.52 11.425 99.2 30.1 0.375
Au49Ag5.5Pd2.3Cu26.9Si16.3 11.6 10.911 132.3 26.5 0.406
(Zr0.59Ti0.06Cu0.22Ni0.13)85.7Al14.3 6.608 10.739 112.6 34 0.370
Cu45Zr45Al7Gd3 7.122 10.707 105.86 33.163 0.358
Au55Cu25Si20 12.2 10.642 139.8 24.6 0.417
Cu46Zr54 7.62 10.301 128.5 30 0.391
Zr46.75Ti8.25Cu10.15Ni10Be27.25 6.014 10.205 111.9 37.2 0.356
Zr48Nb8Cu12Fe8Be24 6.436 10.173 113.6 35.2 0.367
Zr41Ti14Cu12.5Ni10Be22.5 6.125 9.786 114.1 37.4 0.354
Ni45Ti20Zr25Al10 6.4 9.608 129.6 40.2 0.359
Cu60Zr20Hf10Ti10 8.315 9.502 128.2 36.9 0.36
Fused quartz 2.201 9.096 36.9 31 0.17
Pd77.5Cu6Si16.5 10.4 8.742 166 31.8 0.409
Ni60Sn6(Nb0.8Ta0.2)34 9.24 8.667 189 59.41 0.357
Pt57.5Cu14.7Ni5P22.8 15.2 8.652 243.2 33.4 0.434
Ni60Nb35Sn5 8.64 8.526 267 66.32 0.385
Pt60Ni15P25 15.7 8.509 202 33.8 0.42
Pd60Cu20P20 9.78 8.462 167 32.3 0.409
Pd64Ni16P20 10.1 8.286 166 32.7 0.405
window glass (SiO2) 2.421 8.2721 38.8 27.7 0.211
Pd40Cu40P20 9.3 7.97647 158 33.2 0.402
Pd39Ni10Cu30P21 9.152 7.96996 159.1 35.1 0.399
Fe53Cr15Mo14Er1C15B6 6.92 7.94116 180 75 0.32
(Fe74.5Mo5.5)P12.5(C5B2.5) 6.850 145.0 59.9
kFe70Mo5Ni5jP12.5kC5B2.5j 6.89 150.1 59.3
Fe61Mn10Cr4Mo6Er1C15B6 6.89 7.47745 146 75 0.28
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Table 8 (continued)

Compositions q (g/cm3) Vm (cm3/mol) K (GPa) G (GPa) m

Toughened glass (SiO2) 2.556 7.83516 61.9 34.4 0.266
Amorphous carbon 1.559 7.69872 11.4 9.01 0.18
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Fig. 56. (a) K vs. density for 54 kinds of various BMGs (including Ca-, Mg-, RE-, Zr-, Cu-, Ni-, Fe-, Pt-, Pd-, Au-based BMGs).
(b) The data of K vs. Vm of the corresponding BMGs in logarithmic coordinates. The red line is the linear fitting data [402].
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Vm for various BMGs and some metalloid glassy materials. Remarkably, there is a clear trend that the
BMGs with smaller Vm possess larger m. In the plasticity and Poisson’s ratio correlation (we will show
later), there exists a critical value of Poisson’s ratio of 0.34 dividing plasticity from brittleness of var-
ious BMGs [56]. Below 0.34 brittle behavior is obtained or, values for K/G less than approximately 2.5
similarly result in a low toughness glass, and higher values of m give higher toughness and better plas-
ticity. A similar critical value of Vm for metallic glasses (11.8 cm3/mol) exists to determine the tough
and brittle in various BMGs, which is in rather good consistence with that of the plasticity and Pois-
son’s ratio correlation. One can see from Fig. 57b that the cyan zone (including Mg-, RE-, Ca-based
BMGs) shows the brittle behavior characterized with smaller m (<0.34) and bigger Vm (>11.8 cm3/
mol). The magenta-colored zone (mainly including Pd-, Pt-, Zr-, Ni-, Cu-, Au-based BMGs) contains
the ductile systems that is characterized with bigger m (>0.34) and smaller Vm (<11.8 cm3/mol). The
cyan-colored zone (including typical brittle glasses such as amorphous-SiO2, amorphous-carbon,
and two carbon and boron alloyed Fe-based BMGs of Fe61Mn10Cr4Mo6Er1C15B6 and Fe53Cr15-

Mo14Er1C15B6 ) containing the covalent bonding amorphous materials is characterized with small
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Vm (Vm < 11.8 cm3/mol) and small m < 0.34)). The result indicates that the plasticity of BMGs could be
related to Vm. The plausible correlations between Vm and elastic moduli further confirm that the elastic
moduli can effectively reflect the structural features of metallic glasses, and the close links between Vm

and elastic moduli of BMGs can be used to sensitively reflect their structural change in BMGs induced
by aging, crystallization, compositional change or microalloying, pressure and temperature, and
mechanical treatments, which can assist in understanding of the microstructure features and nature
of glasses.

Fig. 58 exhibits an example to study the aging induced structural change of a Ce68Al10Cu20Fe2 BMG
by monitoring their elastic moduli changes [403]. One can see that the minor relative change of the
density, demonstrating the microstructural relaxation of the BMG, monotonically increase with the
Poisson’s ratio decreasing. This indicates that the microstructural change induced by aging can be re-
flected well by elastic moduli. Fig. 59 presents the variations density and Poisson’s ratio of the Vit1
annealed at 633 K (10 K above Tg) for various times. The large density difference of 1% (the relative
density change between as-prepared Vit1 and its fully crystallized state is about 1.2%) indicating
markedly structural change induced by isothermal annealing process (structural relaxation). The m
shows reverse density change trend with increasing annealing time. The marked m change matches
the density change confirming that elastic properties can sensitively reflect the structural information
during relaxation process [29,192,278].
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Fig. 59. The comparison of the relative density and Poisson’s ratio changes of the Vit1 upon annealing time around its Tg.
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The evolution of microstructure of BMGs tuned by composition changing can also be sensitively
reflected by monitoring their elastic moduli change. Fig. 60 exhibits the evolution of microstructure
of (Zr0.59Ti0.06Cu0.22Ni0.13)100�xAlx (10 6 x 6 16) BMGs as function of Al content [102]. The number of
the atoms in unit volume, n (calculated by n = q/A, where A is the average atomic weight), G, hD and
Tg are found to monotonically increase with increasing Al content. The relative increase of n is 1.4%
when Al content increases from 10 to 16 at.%, and the corresponding increases of G and hD are
12.4% and 6.4%, respectively. It can be clearly seen that a small change of n, meaning the subtle change
of the microstructure of the alloy, leads to larger changes in G. Fig. 61 shows pressure induced increase
in atomic packing density and the corresponding changes of G and hD. Even the increase in atomic
packing density resulting from pressure is only about 0.4% under 0.5 GPa, the G and hD of the BMG
show marked corresponding change and fit very well to the changing tendency of density or the
microstructure, indicating that elastic properties can sensitively reflect subtle change of microstruc-
ture in the short-range scale induced by pressure [102]. Similarly, the temperature induced subtle
structural changes can also be sensitively reflected by the changes of the elastic moduli.
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Microalloying even in a minute trace can also induce significantly change of microstructure of the
BMGs [126]. Fig. 62 exhibits that as low as 0.2 at.% of Co addition can dramatically change the density
in a simple cerium-based Ce70�xAl10Cu20Cox(0 6 x 6 5 at.%) BMG accompanying with a fragile to
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strong transition and markedly G and K changes [126]. Further experimental results show that the
sharp increase of density and G and K of Ce70�xAl10Cu20Cox alloys induced by Co addition is correlated
with a dramatic increase of Al site symmetry, as reflected by decreasing quadrupole frequency mea-
sured by 27Al nuclear magnetic resonance (NMR) [267]. The comparison of the change of quadrupole
frequency induced by minor tuning of Co concentration shows the change and evolution of cluster
symmetry of the Al-centered icosahedral clusters, which is the predominant structural building block
according to the structure model [89,90,267]. Similar phenomenon has also been observed in CuZrAl
BMG-forming alloys with minor Gd addition [115,404]. The results indicates that the geometric prop-
erty of site symmetry (the subtle local atomic-scale structural change) in metallic glasses, which is an-
other important but less known characteristic of local structures, can also be effectively characterized
by elastic moduli.

The metallic glasses exhibit a high elastic deformability about 2% and totally different deformation
mechanism compared to their crystalline counterparts. It is proposed that irreversible deformation oc-
curs at a high stress within the elastic region based on molecular-dynamics simulations of noncrystal-
line system during the prolonging compression process, while the irreversible deformation is very
small and overwhelmed by the ordering process of structural relaxation. Pre-compression within
the elastic region have been conducted on a typical Zr46.75Ti8.25Cu7.5Ni10Be27.5 BMG and ultrasonic
method was used to monitor the structural change. Measurements show that the elastic moduli
and the density of the specimen decrease with loading time indicating that an irreversible change
of configuration occurs in the elastic region. Fig. 63 presents the variation of densities, acoustic veloc-
ities, and elastic moduli with different pre-compression times in elastic regime. The acoustic velocities
and elastic moduli decrease obviously with increasing preloading time. And the sample pre-compres-
sion with greater stress shows a larger decrease in the moduli and the velocities, which indicates the
pre-compression induced irrecoverable structural changes and softening of the glass in elastic region.
Despite the large scatter in Fig. 63a, it can be seen that there is a slight decreasing tendency in den-
sities, implying excess free volume created during the process of pre-compression. Due to that the lon-
gitudinal acoustic phonons are softer than the transverse phonons in the BMG, it can be seen from
Fig. 63b that the change of longitudinal acoustic velocity is much larger than the transverse acoustic
velocity. The relative variation of elastic moduli are presented in Fig. 63c, the E and G changes little
and in an insignificant difference, whereas the K changes as much as twice of E and G. The bulk mod-
ulus represents the response to hydrostatic which involves bond stretching, it decreases with increas-
ing equilibrium separation between atoms and it demonstrates that excess free volume can be created
during the precompression. The irreversible structure changing should be related with the structural
characteristic of metallic glasses and the local rearrangement of atoms. The fundamental unit of atom-
ic motion that undergoes a shear deformation from one relatively low energy configuration to a
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second such configuration should exist in BMG. Before the yielding, some structural changing must
have occurred in the BMG, which should be related with the plastic units. When the pre-compression
was applied to the BMG, the plastic units can be activated by the durative stress. The irreversible rear-
rangements of constitute atoms in the plastic units corresponds to the structural change occurred
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during our experiment. We note that the anisotropy of the metallic glasses induced by directional
solidification and external treatments such as pre-loading, applied pressure, shot peening can be de-
tected by the elastic stiffness coefficients.

Above correlations between microstructure and elastic moduli of metallic glasses indicate that the
elastic moduli can sensitively reflect the subtle microstructural change of BMGs induced by changing
of composition, internal or external stress, and so on. This is important because even though it is still a
major challenge to describe the atomic structure of glasses accurately due to the ‘many-body’ random
nature one can establish the links between the microstructural change (can be characterized by elastic
moduli) and properties of glasses, and then provides insight on the characteristic of the microstructure
and the relationship between structure and properties or features of glasses.

8.2. Correlation between elastic constants of metallic glasses and elastic constants of their constituents

In metallic composite materials, the elastic modulus of a composite is an average of the moduli of
the constituent phases according to the so-called ‘‘rule of mixture’’ [405–407]. Because the metallic
glasses inherit the structure of metals and alloys, the ‘‘rule of mixture’’ can be applied to metallic
glasses for estimation of their elastic moduli from their compositions and the constitute elements with
known elastic constants in crystalline form.

Applying the ‘‘rule of mixture’’ to a metallic glass for the mixing of constituent elements
Af 1Bf 2Cf 3 . . . . . .

P
fi ¼ 1ð Þ, the elastic moduli, M of the metallic glass can be calculate according to:
Please
metal
M ¼
X Vi � fiP

Vi � fi �Mi
� �

ð8:2Þ
and
1
M
¼
X Vi � fiP

Vi � fi �
1

Mi

� �
ð8:3Þ
Assuming all elements have the same atomic volume, the equation can be simplified to [54,87,170]:
M�1 ¼
X

fi � 1
Mi

� �
ð8:4Þ
and
M ¼
X
ðfi �MiÞ ð8:5Þ
where Mi is the modulus of constituent element, fi, atomic percent of element i. Vmi, atomic volume,
the values are calculated from:
Vmi ¼
mi

qiNA
ð8:6Þ
where mi and qi are the molar atomic weight and density of the i-th component element.
Therefore, the elastic modulus of metallic glasses can be estimated by Eqs. (8.2) and (8.3) as func-

tion of composition and atomic volume. As is known from composite mechanics, this calculation gives
an upper bound on the predicted elastic modulus. The lower bound is given by an assumption of uni-
form stress rather than strain (corresponding to an average of compliances) [408]. Following the above
equations, as an example, the Young’s modulus, the best-known and most commonly used elastic con-
stant in engineering design, were calculated for more than 50 typical metallic glass systems with dif-
ferent components and compositions. It should be noted that the experimental Young’s modulus data
from different groups were derived either by mechanical test or by ultrasonic method. The calculated
values and the experimental derived ones are summarized in Table 9. A comparison plot between the
calculated results and the experimental data is given in Fig. 64. Fig. 64a exhibits the results calculated
by Eq. (8.2), and Fig. 64b is that by Eq. (8.3). Due to the experimental E data are from different groups
measured by different methods which bring errors, some composition-dependent discrepancies
maybe exist. However, it is clear that the results calculated by Eq. (8.2) are accord with the line
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Table 9
Data of experimentally and theoretically (Ec) derived Young’s moduli of typical BMGs [54,56,58,78,84, and references therein].

BMG E
(GPa)

Ec (GPa) Calculated
by Eq. (8.2)

Ec (GPa) Calculated
by Eq. (8.3)

Ec (GPa) Calculated
by Eq. (8.4)

Vit1 101 113.8 88.7 105.5
Zr46.75Ti8.25Cu7.5Ni10Be27.5 100.5 113.6 85.8 103.9
Zr45.4Ti9.6Cu10.15Ni8.6Be26.25 100.9 113.0 86.3 103.8
Zr48Nb8Cu12Fe8Be24 95.7 109.3 84.5 100.4
Zr65Al10Ni10Cu15 83 81.1 74.0 79.1
Zr57Ti5Cu20Ni8Al10 82 84.2 76.5 82.1
Zr57Nb5Cu15.4Ni12.6Al10 87.3 85.4 76.6 82.6
Zr52.25Cu28.5Ni4.75Al9.5Ta5 90 88.9 78.9 85.2
Ti50Cu23Ni20Sn7 85.3 122.2 107.2 117.9
Ti50Ni24Cu20B1Si2Sn2 110 130.4 116.8 125.4
Ti40Zr25Ni3Cu12Be20 92.6 118.7 98.6 112.4
Sc36Co20Y20Al24 85.2 84.0 74.6 80.8
Dy46Y10Al24Co18Fe2 64.2 76.6 67.3 74.1
Gd36Y20Al24Co20 62.2 73.6 63.8 68.0
Nd60Fe20 Al10Ni10 54.1 65.3 47.4 57.1
Pr60Al10Ni10Cu20 37.2 54.5 42.5 50.8
La66Al14 Ni10Cu10 35.7 49.5 41.0 47.4
Ce70Al10Ni10Cu10 30.3 46.7 37.5 42.9
Cu50Zr50 84 88.9 81.0 89.3
(Cu50Zr50)96Al4 88.7 88.2 80.5 88.3
(Cu50Zr50)92Al8 93.7 87.4 80.0 87.4
Cu55Zr30Ti10Co5 130 103.8 92.6 102.6
Cu60Hf30Ti10 124 106.0 99.9 107.3
Cu60Hf10Zr20Ti10 101 102.7 94.3 103.1
Ni45Ti20Zr25Al10 114 119.6 96.9 110.1
Ni40Cu6Ti16Zr28Al10 111 115.3 93.9 106.5
Ni40Cu5Ti16.5Zr28.5Al10 122 114.8 93.6 106.1
Ni40Cu5Ti17Zr28Al10 133.9 115.2 93.9 106.4
Ni39.8Cu5.97Ti15.92Zr27.86Al9.95Si0.5 117 114.8 93.4 105.8
Ni60Nb35Sn5 183.7 143.6 118.6 136.4
Ni60Sn6(Nb0.8Ta0.2)34 161.3 149.3 120.8 139.7
Ni60Sn6(Nb0.6Ta0.4)34 163.7 156.2 126.2 145.5
Pd77.5Si16.5Cu6 96 105.1 90.1 96.4
Pd80Si20 70 101.7 85.8 92.0
Pd40Ni40P20 108 101.3 13.1 22.1
Pt60Ni15P25 96 106.1 12.0 18.4
Pd40Ni10Cu30P20 98 87.4 13.2 21.7
Mg65Cu25Gd10 56 57.5 50.3 54.4
Mg65Y10Cu15Ag5Pd5 59 58. 8 52.1 55.0
Mg75Ni15Y10 61 59. 2 50.0 52.7
Mg65Cu20Y15 69 58.1 52.0 54.6
Fe61Zr8Y2Co6Mo7Al1B15 222 210.4 153.1 186.5
(Fe0.75B0.2Si0.05)96Nb4 180 218.6 163.6 190.5
[(Fe0.8Co0.2)0.75B0.2Si0. 05]96Nb4 205 218.4 163.1 190.2
[(Fe0.8Co0.1Ni0.1)0.75B0.2Si0.05]96Nb4 208 227.4 122.8 167.3
Fe65.5Cr4Mo4Ga4P12C5B5.5 161 157.0 16.2 26.1
(Fe0.75B0.15Si0.1)96Nb4 175 198.7 134.7 162.3
Fe77Ga3P9.5C4B4Si2.5 182 155.3 19.5 31.5
Fe48Cr15Mo14Er2C15B6 200 224.6 55.6 39.9
(Fe44.3Cr5Co5Mo12.8Mn11.2C15.8B5.9)98.5Y1.5 257 214.1 53.2 38.4
Co43Fe20Ta5.5B31.5 268 258.5 233.9 249.0
W46Ru37B17 309 415.5 414.9 417.9
Ca65Ag35 20 31.0 23.0 27.2
Ca57Mg19Cu24 38 33.2 23.6 28.9
Au49Ag5.5Pd2.3Cu26.9Si16.3 74.4 83.2 74.7 78.9
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E = Ec well, indicating the suitability of Eq. (8.2) for calculation of the elastic moduli of the metallic
glasses. Compared with the data in Fig. 64a, that in Fig. 64b exhibits remarkable spread, especially
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the calculated results of Fe-based BMGs consisting of metalloids (B, C, P, for which the bond type
changes on alloying, and metallic and covalent bonds coexist in the Fe-based BMGs). The calculation
results of Zr–Be based and rare-earth based systems by Eq. (8.2) are slightly higher than experimental
results. Contrarily, Eq. (8.3) gives a bit lower values. Actually, in composite materials Eq. (8.2) gives an
upper bound of the predicted modulus, while Eq. (8.3) gives a lower bound of that. In Zr–Be based
BMGs, the element Be is of extremely high modulus compared with other components, and that,
the atomic percentage of Be is relatively high. These factors will over-weight the influence of Be, con-
sequently, overestimate the calculation values by Eq. (8.2) but underestimate that by Eq. (8.3).

The simplified Eq. (8.4) can produce rather good results in most BMG systems though the effect of
atomic volume is ignored. The effects of high modulus or huge atomic volume of component may be
balanced by the ignorance of atomic volume. Eq. (8.4) is applied to different families of BMGs (about
20 various BMGs) and the calculated elastic constants (E, G, K and K/G) are listed in Table 10. Fig. 65
shows the ratio between the experimental and calculated E, G, K and K/G (or alternatively m) for these
BMGs. The ratios range from 0.93 to 1.2 indicating that the elastic constants of the BMGs calculated
using Eq. (8.4) is roughly in agreement with those obtained by the ultrasonic method. The results indi-
cate that elastic constants of BMGs show a correlation with a weighted average of the elastic constants
of the constituent elements, and the elastic moduli of the BMGs depend strongly on their metallic
components, and can be calculated as a mean value of all elements based on the atomic percents of
constituent elements [56]. This result also indicates that the BMGs can be considered as highly dense
packing structure.

The theoretically derived data for various BMGs show good consistency with their corresponding
experimental ones [56,124,139,169,408]. Thus, one can approximately adopt the calculated results
even if the experimental data of a metallic glass are not known, or one can predict the elastic moduli
for a non-existing metallic glass. This is of significance because as will be shown in the following the
elastic constants correlate with some mechanical and physical properties, Tg, GFA, and even liquid fra-
gility in the BMGs. These correlations then provide useful guidelines for the development of new
BMGs with desirable properties by controlling the elastic moduli of the alloy through selection of con-
stituents with suitable elastic moduli.

8.3. Correlation between elastic properties and glass formation

The mechanism of glass formation and the design of metallic glassy composition with excellent
glass-forming ability and controllable physical, chemical and mechanical properties are one of the
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Table 10
Calculated [according to Eq. (8.4) of M�1 ¼

P
fi � 1

Mi

	 

] and experimental elastic constants for various typical BMGs, all the

experimental elastic constants from Ref. [54,56,58,78,82, and references therein].

BMGs K (GPa) G (GPa) E (GPa) K/G

Exp. Cal. Exp. Cal. Exp. Cal. Exp Cal.

Zr41Ti14Cu12.5Ni10Be22.5 114.8 115.0 37.4 47.1 101.3 105.5 3.1 2.44
Zr46.75Ti8.25Cu7.5Ni10Be27.5 113.4 113.7 35.2 47.6 95.7 103.9 3.22 2.39
Zr53Ti5Cu20Ni12Al10 106.8 106.9 32.1 37.3 87.6 84.8 3.32 2.86
Zr48Nb8Cu12Be24Fe8 113.4 116.1 35.2 45.6 95.7 100.4 3.22 2.55
Zr57Nb5Cu15.4Ni12.6Al10 107.7 107.4 32.0 36.6 87.3 82.6 3.37 2.93
Zr65Al10 Ni10Cu15 106.7 103.4 30.3 35.7 83.0 79.1 3.52 2.89
Nd60Al10Fe20Co10 46.5 45.9 19.4 22.2 51.2 57.2 2.39 2.07
Pd77.5Cu6Si16.5 174.7 156.6 32.9 35.0 92.9 96.4 5.31 4.48
La55Al25Cu10Ni5Co5 44.1 41.3 15.6 19.1 41.9 50.8 2.83 2.16
La66Al14Cu10Ni10 34.9 37.5 13.4 17.9 35.7 47.4 2.60 2.10
Cu60Zr20Hf10Ti10 128.2 122.3 36.9 41.4 101.1 103.1 3.47 2.96
Pr55Al12Fe30Cu3 41.4 44.4 18.2 22.0 47.6 54.9 2.27 2.02
Mg65Cu25Tb10 44.7 53.2 19.6 20.8 51.3 55.1 2.28 2.55
Cu50Zr50 101.2 114.3 32.0 39.1 87.0 89.3 3.16 2.92
(Cu50Zr50)96Al4 113.7 112.1 32.4 38.3 88.7 88.3 3.51 2.92
(Cu50Zr50)90Al7Gd3 117.1 104.4 32.4 36.9 89.0 86.0 3.61 2.82
Gd40Y16Al24Co20 58.0 53.5 23.5 27.6 62.2 70.6 2.47 1.94
Dy46Y10Al24Co18Fe2 58.5 55.8 24.4 29.3 64.2 74.1 2.40 1.90
Ni50Nb50 168.3 174.9 48.2 50.7 132.0 137.7 3.49 3.45
Ce68Al10Cu20Fe2 31.0 30.0 11.8 17.0 30.8 42.0 2.60 1.76
Er50Al24Co20Y6 65.1 58.5 27.0 31.2 71.1 80.2 2.41 1.88
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Fig. 65. The ratio of calculated elastic constants (according to Eq. (8.4)) to experimental results for various BMGs listed in Table
9 [56].
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central issues in material science [1–14]. The GFA is extremely important in the glass-formation pro-
cess in industries and, at the same time, it is also related to the fundamental issues of glass transition
and glass nature. Substantial progress has been made in understanding these issues over the past dec-
ades, yet many key questions remain [54–58,368–371]. About hundreds bulky glass-forming alloy
compositions, with wide critical glass-forming cooling range from 0.01 K/s to 104 K/s, are obtained.
Although some rather general empirical rules, based on the thermodynamic, kinetic, nucleation and
microstructural features, give useful directions in general [48–52,305–308,409–420], the
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development of new BMGs in practical has always been ‘‘hit or miss’’ whether the resulting glass has
excellent GFA or would turn out to be excellent in some properties. Therefore, a specific criterion for
BMG formation, based on the insightful understanding of the nature of the glass, is of highly
significance.

The quantitative measure of the GFA is given by the critical cooling rate Rc, which is the minimum
cooling rate required for the formation of fully glass. The Rc can be estimated by [416]: dT/dt (K/s) = 10/
D2 (cm), where D is the typical dimension of the formed glassy alloy. In the past, a variety of schemes
have been proposed to attain an understanding of why systems can be vitrified and of what deter-
mines the composition ranges over which glasses can be made [14,54–56,313,314,409–420]. These
approaches are difficult to be quantified in the realistic practices.

The correlation between elastic moduli and GFA could provide another choice for the development
of new BMGs with controllable properties. Poisson’s ratio appears to be composition dependent and
can reflect the GFA of a glass-forming alloy. The available data of Rc and Poisson ratio for various BMGs
Table 11
The Trg = Tg/Tl, DT = Tx � Tg, c = Tx/(Tg + Tl) critical cooling rate for glass formation Rc and Poisson’s ratio (or K/G) for typical oxide
glasses and various representative BMGs. (The data of Trg, DT, c and Rc were taken from Refs. [54,409–419] and the references
herein. The data of Poisson’s ratio or K/G were taken from Refs. [54,56] and the references herein.)

Glasses Trg c DT (K) Rc (K/s) m K/G

Zr41Ti14Cu12.5Ni10Be22.5 0.626 0.415 49.0 1.4 0.352 3.047
Zr46.75Ti8.25Cu7.5Ni10Be27.5 0.525 0.402 105.0 28.0 0.350 3.008
Zr48Nb8Cu12Fe8Be24 0.600 0.404 93.0 15.0 0.359 3.22
Zr65 Al10Ni10Cu15 0.561 0.403 79.5 4.1 0.377 3.521
Zr45.4Ti9.6Cu10.15Ni8.6Be26.25 0.503 0.397 117 17.5 0.350 3.00
Zr65Cu12.5Be22.5 0.533 0.406 99 67.0 0.39 4.07
Zr35Ti30Cu8.25Be26.75 0.554 0.454 159 4.5 0.35 3.04
Zr33Ti30Cu7.5Be27.5Al2 0.550 0.439 144 3.0 0.332 2.65
Ti45Zr20Be35 0.531 0.380 57 25 0.36 3.12
Ti45Zr20Be30Cr5 0.530 0.390 77 20 0.35 2.92
Cu50Zr50 0.550 0.379 47 250 0.360 3.238
(Cu50Zr50)92Al8 0.607 0.422 82 40 0.366 3.394
(Cu50Zr50)92Al7Gd1 0.613 0.420 73 10 0.377 3.760
Cu60Zr20Hf10Ti10 0.630 0.407 43 110 0.368 3.75
Pd40Ni10Cu30P20 0.690 0.464 78.9 0.1 0.397 4.52
Pd77.5Si16.5Cu4 0.585 0.392 40.0 500 0.410 5.307
Pd40Ni40P20 0.585 0.409 63.0 0.17 0.403 4.795
Pt57.5Cu14.7Ni5.3P22.5 0.640 0.465 98 5.7 0.420 5.952
Mg65Cu25Tb10 0.573 0.425 73 40 0.309 2.283
Mg65Cu25Y10 0.551 0.401 54.9 50 0.305 2.299
Mg59.5Cu22.9Ag6.6Gd11 0.579 – 47 1.5 �0.30 2.3
Ca65Li9.96Mg8.54Zn16.5 0.550 0.347 22 40 0.307 2.2
Fe60Cr10Mo9C13B6Er2 0.557 0.379 46 16.0 0.297 2.128
Fe64Cr10Mo9C15Er2 0.562 0.381 47 40.0 0.275 1.887
La55Al25Cu10Ni5Co5 0.540 0.399 76.6 37.5 0.340 2.832
Pr60Cu20 Ni10Al10 0.580 0.372 43 40 0.360 3.311
Sc36Al24Co20Y20 0.630 0.444 98 110 0.317 2.398
Ce68Al10Cu20Fe2 0.497 0.399 71 100 0.313 2.625
Nd60Fe20Co10Al10 0.51 0.372 – 150 0.317 2.611
Er50Al24Co20Y6 0.603 0.406 51 1.0 0.318 2.410
Dy46Al24Co18Fe2Y10 0.633 0.410 50 40.0 0.317 2.439
Tb36Y20Al24Co20 0.62 0.418 67 30.0 0.325 2.500
Tm39Al25Co20Y16 0.582 0.407 71 10 0.274 2.55
Yb62.5Zn15Mg17.5Cu5 0.575 20 55 0.276 1.98
Float glass <0.01 0.23 1.50
Ti-glass <0.01 0.17 1.20
Window glass <0.01 0.211 1.40
Water-white glass <0.01 0.238 1.57
Fused quartz <0.01 0.17 1.26
Microcrystal glass <0.01 0.266 1.80
Borosilicate glass <0.01 0.24 1.60
Carbon glass <0.01 0.187 1.26
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are collected and listed in Table 11. Except Pd40Ni40P20 and Pd40Ni10Cu30P20 metallic glasses (the two
metallic glasses have been demonstrated to be have special microstructural feature compared to other
BMGs [369]), the BMGs and typical non-metallic oxide glasses listed in Table 11 have a roughly cor-
relation between Rc and m as shown in Fig. 66. The glass with small value of m has higher GFA. The non-
metallic glasses (e.g. oxide glass), whose m is less than 0.25, are of the lowest value of critical cooling
rate of Rc. In contrast, the conventional metallic glasses such as PdSiCu with poor GFA, have high value
of m. For BMGs with GFA between oxide glasses and conventional melt-spun metallic glasses, their va-
lue of m is between that of the conventional metallic glasses and oxide glasses.

It is found that the GFA and Poisson’s ratio show remarkable correlation upon the changing of com-
position in some BMG-forming systems. Fig. 67 shows the clear correlation between GFA and Poisson’s
ratio in Ce-based and CuZr-based BMGs. The GFA of the Ce-based and CuZr-based BMGs are very sen-
sitive to the minor addition of some minor elements. For example, in Ce70�xAl10Cu20Cox BMGs, even a
trace of Co addition (0.2 at.%) can substantially improved the GFA of the alloy as shown in Fig. 67a.
Significantly, one can see that the minor addition can also induce markedly Poison’s ratio change,
and the critical diameter (D) (representing the GFA of an alloy) as function of Co concentration in
Ce-based BMGs, showing clear correlation between GFA and Poisson’s ratio with the changing of
the composition. The similar correlation can be seen in another typical CuZr-based BMG as shown
in Fig. 67b.

The relation between fragility and GFA has been reported in various BMG-forming systems
[315,420], and the fragility m (links to Poisson’s ratio [56]) is regarded as an indicator of an alloy’s
GFA. The G, which depends on the interatomic distance and especially the repulsive branch of the
interatomic potential, is closely related to the Tg and melting temperature, Tl. A good rule of thumb,
associated with the ratio of Tg and Tl, has for many years been proposed for evolution of GFA by Turn-
bull [299,300]. That is, good metallic glass formers require Tg/Tl to be higher than 0.67 (the ‘‘2/3 rule’’).
It is successful empirical rule for finding new metallic glass system. The Tg and Tl themselves are cor-
related with E and G (see following section), respectively. The relationship between volumetric change
(related to bulk modulus K) and GFA has also been found in various BMGs [345]. Those results indicate
that the GFA of an alloy is in connection with the elastic moduli. The plausible correlation between
elastic moduli and GFA would provide a new route for metallic glasses design.

A possible phenomenological explanation for the correlations between the Poisson’s ratio (or K/G)
and GFA of BMGs is based on the framework of the potential energy landscapes, PEL [421]. The GFA of
a metallic glass-forming liquid is closely related to its flow, and the GFA characterizes how easily the
occurrence of the flow and how easily of the flow of the melt can be frozen without crystallization, and
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thus a glassy state can be obtained from its liquid state upon cooling. In liquid state, the alloy is sup-
posed to locate at local minima (inherent state) in PEL, and the flow is the process that the system es-
capes from one local minimum to another or the disappearance of barrier between the neighbor local
minima. The average barrier, DE⁄, between local minima in the PEL as schematically shown in Fig. 68 is
mainly related to shear modulus G [82]. For the BMGs with low G or larger Poisson’s ratio, the DE⁄ is as
small as such that the barrier is easy to be surmounted via small strain energy. On the other hand, sur-
mounting the large energy barrier (small value of Poisson’s ratio) will take some finite time and large
energy, in order for the system to track the changes in the PEL through structural rearrangements
[422]. The small m means atoms or molecules can hardly rearrange themselves to cooling, and the large
m indicates the ease of atomic rearrangement. Therefore, the small m indicates the ease of freezing
atomic rearrangement or form glass from liquid or high GFA in a glass forming system.

8.4. Correlation between elastic moduli and glass transition

The glass-forming liquids are frozen into glasses at certain temperature through glass transition,
and the dependence of glass transition temperature Tg on the cooling rate is weak. In general, the
Tg changes by 3–5 K when the cooling rate changes by an order of magnitude
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Fig. 68. Schematic diagram illustrating the correlation between flow behavior and the energy barrier DE� in Potential energy
landscape.
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[54,55,79,368,369,371], and the transition scope is narrow. Therefore, the Tg determined by atomic
cohesive energy is an important materials characteristic [35,295]. The bulk glass-forming alloys,
which exhibit distinct glass transition in their DSC trace and exceptional large supercooled liquid tem-
perature range, permit better characterization of their glass transition and elastic properties [35,295],
and the availability of various BMGs provides significant data of glass transition and elastic constants.
Both the Tg and elastic moduli are determined by atomic cohesive energy, thus, the glass transition is
expected to be closely related to the elastic moduli of BMGs. Table 12 collects all available relevant
data on typical metallic glasses in the literatures. The BMGs include almost all kinds of developed
BMGs based on different elements with representative compositions and markedly different values
of Tg and elastic moduli. For example, the Sr-, Ce-, CaLi-, and La-based BMGs have ultraslow E value
(�30 GPa, is comparable to those of polymers) and ultralow Tg (�300 K, approaching room tempera-
ture) [113–128,173,234,423] and W-based glassy alloy exhibits ultrahigh Tg (1151 K) and high E
(309 GPa) [424]. These data can be used to check the possible correlation between Tg and elastic mod-
uli in metallic glasses.

Even though the original data are obtained from different groups with various testing conditions,
the data on these metallic glasses, plotted in Fig. 69, show clear correlations between glass transition
temperature Tg and elastic modulus E. The similar correlation has also been reported in silica and other
glasses [341,398]. The correlation between Tg and E in metallic glasses can also be expressed in terms
of Tg. That is:
Please
metal
Tg ¼ 2:5E ð8:7Þ
Higher value of Tg of a metallic glass gives higher value of E. Fig. 70 presents the relation of Tg and
shear modulus G for various BMGs. It can be seen that Tg and G in these BMGs also have a roughly cor-
relation of:
Tg / M � G ð8:8Þ
where M is the molar mass of a metallic glass. A linear relationship between Tg and G in four types of
glasses (silica-based optical glasses, germanate glasses, BeF2-based glasses, and chalcogenide glasses)
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Table 12
Data of E, G, rf, hD, Hv, and Tg collected on representative metallic glasses (all compositions in at.%) and other non-metallic glasses.

Glasses rf (GPa) Hv (GPa) E (GPa) G (K) Tg (K) hD (K) Refs.

Zr41Ti14Cu12.5Ni10Be22.5 1.8 5.23 101 37.4 620 327 [54,369]
Zr46.75Ti8.25Cu7.5Ni10Be27.5 1.83 6.1 100 37.2 623 327 [54,369]
Zr65Al10Ni10Cu15 1.45 5.6 83 30.3 652 267 [54,371]
Zr52.25Cu28.5Ni4.75Al9.5Ta5 1.909 – 90 – 705 – [54]
Zr61Cu17.3Ni12.8Al7.9Sn1 1.77 77.4 28.2 665 256.7 This work
Zr57Ti5Cu20Ni8Al10 1.77 5.4 82 30.1 657 270.1 [54,371]
Zr57Nb5Cu15.4Ni12.6Al10 1.8 5.9 87.3 31.9 687 274 [54]
Zr35Ti30Cu8.25Be26.75 86.9 31.8 578 [160]
Zr50Cu25Be25 96.8 35.8 633 [160]
Ti50Cu23Ni20Sn7 1.3 – 85.3 – 681 – [416]
Ti50Ni24Cu20B1Si2Sn2 2.1 6.1 110 – 726 – [56]
Ti45Zr20Be35 1.86 96.8 35.7 597 [159]
Ti45Zr20Be30Cr5 1.72 105.6 39.2 602 [159]
Cu50Zr50 1.92 5.8 85 32 733 231 [56]
Cu50Zr45Al5 1.89 5.4 102 33.3 701 278 [56,427]
Cu55Zr30Ti10Co5 2.31 – 130 – 714 – [56]
Cu60Hf30Ti10 2.16 – 124 – 725 – [56]
Cu60Hf10 Zr20Ti10 1.95 7 101 36.9 754 282 [56]
Pd40Ni10Cu30P20 1.52 5.0 98 35.1 560 280 [56]
Pd77.5Si16.5Cu6 1.55 4.5 96 34.8 630 250 [428–430]
Pd40Ni40P20 1.7 5.3 108 38.6 583 292 [428–430]
Pd64Fe16P20 33.1 630 256 [428–430]
Pd80Si20 1.34 70 607 [428–430]
Pd80P20 27.1 607 224 [428–430]
Pt74.7Cu1.5Ag0.3P18B4Si1.5 1.20 3.95 32.4 479 113
(Fe0.75B0.2Si0.05)96Nb4 3.16 10.5 180 – 835 – [427]
[(Fe0.8Co0.2)0.75B0.2Si0.05]96Nb4 4.17 12.0 205 – 830 – [427]
Fe61Zr8Y2Co6Mo7Al1B15 11.4 222 899 [56]
Fe68Cr3Mo10P6C10B3 3.1 9.0 180 67.7 714 [163]
Ni50Nb50 2.26 8.93 132 48.1 875 [56,425]
Ni45Ti20Zr25Al10 2.37 7.75 114 733 [56,425]
Ni40Cu5Ti17Zr28Al10 2.3 8.45 133.9 762 [56,425]
Co43Fe20Ta5.5B31.5 5.185 – 268 – 910 – [175]
Co56Ta9B35 5.80 15.4 240.6 91.5 945 [672]
Mo52Cr14Fel4P12B8 12.6 1135 [424]
Mo40Co20Fe20B20 17.5 1108 [424]
Ta42Ni36Co22 2.7 9.7 170 983 [664]
W46Ru37B17 – 16.8 309 – 1151 – [424]
W46Ru37B12Si5 13.2 229 1110 [424]
W45Ru36B17Hf2 16.5 262 1129 [424]
Mg65Cu25Tb10 0.80 2.83 51.3 19.6 417 272.9 [56]
Mg65Y10Cu15Ag5Pd5 0.77 59 437 [423]
Mg65Cu20Y15 0.82 2.6 69 420 [56]
Sr60Li5Mg15Zn20 0.30 0.95 19.7 7.71 331 156 [173]
Zn20Ca20Sr20Yb20Li11Mg9 0.40 0.82 16.0 6.30 323 This work
Zn40Mg11Ca31Yb18 0.66 1.80 28.8 396 This work
Al88Ni9Ce2Fe1 1.35 �70 [56]
Ca65Ag35 1.5 20 400 [56,426]
Ca57Mg19Cu24 0.545 38 387 [56,426]
Ca65Li9.96Mg8.54Zn16.5 0.53 1.35 23.4 8.95 320 220.7 [238]
Ce70Al10Ni10Cu10 0.40 1.5 30 11.5 359 144.1 [56]
Nd60Al10Fe20Co10 0.45 2.2 51 35.1 493 189 [56]
Gd36Y20Al24Co20 62.2 23.6 603 221.4 [56]
Ho39Al25Co20Y16 69.1 26.2 649 226.5 [56]
Tm39Al25Co20Y16 1.98 6.07 75.0 29.4 664 236 [118]
Lu45Y10Al25Co20 1.89 6.12 79.1 31.1 689 231 [119]
Yb62.5Zn15Mg17.5Cu5 1.52 26.5 10.4 381 132 [63]
La55Al25Cu10Ni5Co5 �0.5 3.0 41.9 15.6 466 183 [56]
La55Al25Co20 0.99 3.48 40.9 15.42 477 181 [138]

(continued on next page)
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Table 12 (continued)

Glasses rf (GPa) Hv (GPa) E (GPa) G (K) Tg (K) hD (K) Refs.

Pr55Al25Co20 1.01 2.58 45.90 17.35 509 190 [138]
Tb55Al25Co20 0.83 4.42 59.53 22.85 612 203 [138]
Dy55Al25Co20 0.72 4.70 61.36 23.52 635 205 [138]
Ho55Al25Co20 0.87 4.14 66.64 25.42 649 210 [138]
Er55Al25Co20 1.12 5.45 70.72 27.08 667 215 [138]
Au76.9Si9.45Ge13.66 – 297 240 [56]
Au49Ag5.5Pd2.3Cu26.9Si16.3 74.4 26.5 401 [114]
Au70Cu5.5Ag7.5Si17 2.64 339 [431]
Pt60Ni15P25 4.1 96 33.8 485 205 [56]
Pt60Cu16Co2P22 1.1 4.02 �96 506 206 [56]
Pt57.5Cu14.7Ni5.3P22.5 1.4 94.8 33.3 508 206 [56,113]
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are also found [398]. Some other physical parameters of metallic glass such as strength and linear
thermal expansion coefficient which are directly associated with the atomic bond are also found to
be correlated to Tg. For example, the fracture strength rf of various metallic glasses correlates with
Tg as [323]: rf ¼ 55 q

M ðTg � T0Þ; T0 is strength measuremental temperature. The linear thermal expan-
sion coefficient and Tg are found to have a unique correlation for a number of BMGs with markedly
different properties and Tg [326]. Egami had theoretically predicts that there is the correlation be-
tween of bulk modulus K and Tg which can be expressed as [302,303]: Tg = 6.14 � 10�3hXihKi/kB,
where hXi is the average local volume, kB is the Boltzmann constant. Recently, Egami suggests that
Tg depends not only on K but both K and G [322]. Actually, it is generally known that the Tg is domi-
nated by the bonding force among the constituents. Consequently, the high value of elastic moduli of
the metallic glasses, which is due to the stronger bonding force among the constituent elements, cor-
responds to high value of Tg.

The relationship for between E and Tg for various glasses including soft and brittle chalco-haloge-
nide glasses, rare-earth glasses, silicon oxynitride glasses, oxycarbide glasses, alkali–alkaline-earth-sil-
icate and alumino- or boro-silicate glasses, borate, phosphate, germanate, and basaltic glasses, and
metallic glasses is summarized [341]. These glasses with E extending from 5 to 180 GPa and Tg ranging
from 136 K (amorphous ice) to 1600 K (SiC0.33O1.33 glasses). The Young’s modulus is plotted as a func-
tion of Tg in Fig. 71. Although the general tendency is an increase of E with Tg, it is noteworthy that the
highest values for E are not reported for the most refractory glasses (SiOC glasses) which are charac-
terized by a low atomic packing density. On the contrary, the high packing density of metallic glasses
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Fig. 69. The correlation of the elastic modulus E with glass transition temperature Tg for all the metallic glasses for which
relevant data are available (listed in Table 12) [87]. The line is the guidance for eyes.
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counterbalances their low bonding energy [432]. Elastic moduli depend much on temperature, and
their values at temperature stem both intrinsically from the fine details of the atomic packing and
the atomic bonding types and extrinsically from how far the glass transition of the glass is from the
actual temperature. There are indeed two ways to meet a specific value for an elastic modulus at a
given temperature. The first is the atomic packing density and the second one on the bond strength
Fig. 71. Young’s modulus and Tg for different inorganic chemical glass systems [341].
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[432]. The Tg is related to a mean atomic bonding energy regardless of the packing density. So that Tg

increases monotonically as the fraction of weakest bonds decreases to the benefit of stronger ones,
consistently with the classical order: van der Waals < metallic < ionic < covalent. Therefore, for
different types of glasses with different atomic bonding, contrary to the common wisdom that E scales
with Tg, it turns out that one can easily find glasses with very different Tg exhibiting the same value for
E.

Nevertheless, for the metallic glasses with similar the packing density and atomic bonding energy,
the Tg and E indeed have clear correlation. It is important to find the relation between Tg and Young’s
modulus, which is by far the most frequently reported elastic characteristic, in these glassy alloys, be-
cause the design of glasses with high elastic moduli is an important issue in glass science and glassy
materials application. The correlation between elastic moduli and Tg can be basic guidelines for devel-
oping glasses with high or low elastic moduli. The correlation is also the basis for establishing the elas-
tic models [79]. The Tg and E correlation demonstrates that the glass transition is kind of moduli
softening process similar to melting and is helpful for understanding the nature of BMGs.

8.5. Correlation between elastic moduli and melting

Melting of a crystalline solid like amorphization is a kind of transformation that results in a topo-
logically disordered atomic structure. Born proposed that melting occurs when one of the shear elastic
moduli vanishes (G = 0) [26], which links the melting phenomenon to the elastic parameter. For a cu-
bic crystal, the three generally accepted stability criteria are [26]:
Please
metal
C11 þ 2C12 > 0; C11—C12 > 0; C44 > 0 ð8:9Þ
where C11, C12, and C44 are the independent elastic constants in the Voigt notation. Subsequent exper-
imental investigations have shown that shear modulus does not fully vanish at Tm [433]. Based on the
Lindemann melting criterion, Varshni [225] suggested that melting occurs when G is reduced to a va-
lue given by G(T) = fmG(0), where fm is a factor that would depend on the crystal structure and the nat-
ure of binding. For pure crystalline metals, fm is proposed to be 0.55.

A glass can be considered as a frozen liquid that has a static structure similar to supercooled liquids
[1–10]. It is generally known that the Tg like Tm is dominated by the bonding force among the constit-
uents, and striking parallels in the way of melting and amorphization have been recognized. The onset
amorphization is preceded by a shear softening very similar to that which precedes the onset of melt-
ing during heat of most metals and alloys [147,430,434].

The Debye temperature, hD, which is an important characteristic of a material, represents the tem-
perature at which nearly all modes of vibrations in a solid are excited [51]. The Debye model was
developed for crystal lattices, it seems inapplicable to the amorphous structure, yet the phenomena
to be described in crystalline and amorphous alloys are very similar. For instance, the specific heat
of the BMGs and other glasses at low temperature follows the same path in temperature as that of
their crystalline states [435]. Under the circumstance, the metallic glasses can be treated as a mon-
atomic lattice with an average cellular volume, by using acoustic data obtained by ultrasonic method
or the specific heat data, the hD of the metallic glasses can be readily obtained [54,436]. The attempt to
relate the glass transition to vibrational characteristics of the solids is long-standing issue and is of
significant, because the possible correlation could assist the understanding of the glass transition
and relaxation in glasses [437–439].

According to the Lindermann melting criterion, the melting temperature Tm of a solid is related to

hD as [440] Tl ¼
MkBh2

D l2
crih i

9�h2 , where kB is the Boltzmann constant, M is the atomic mass, ⁄is Plank’s con-

stant, l2
cri


 �
is critical mean-square thermal displacement. The original work of Lindemann is related to

the Einstein temperature, not the Debye temperature. However, Einstein approximation [51] is much
deviates the real situation in solids comparing with Debye approximation. So it is more reasonable to
deduce the Debye temperature from acoustic data [51]. On the other hand, the relationship between E
and melting temperature, Tl for various crystalline metallic alloys can be described as [441–443]:
E = 97.9 � q(RTl/Vm), where q is the number of atoms in the chemical formula, Vm is the molar volume
and R is the gas constant. Granato [444] derived the Lindemann rule from a thermodynamic viewpoint
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with no connection to a critical value and gives the melting temperature proportional to the shear
modulus, which depends on the interatomic distance especially the repulsive branch of the inter-
atomic potential.

It is found that some phenomena are common features underlie melting and vitrification processes.
For example, the volume change, the decrease of the Debye temperature upon glass formation, and the
elastic softening have also been observed in the formation of metallic glasses [54–57,151,445]. It is
also found that the Tg and G of metallic glasses have a roughly correlation in various BMGs [57],
and the ratios of the shear modulus at 0 K to the shear modulus at the glass transition temperature,
G(Tg)/G(0), for various BMGs are almost the same and have a value around 0.85, which indicates that
the glass transition occurs when the shear modulus decreases to 85% of the shear modulus at 0 K, i.e.
G(Tg) = 0.85G(0) [362]. (For melting, G(Tm) = 0.55G(0) [233].) On other hand, the average melting tem-
perature hTmi (hTmi =

P
fi(Tm)i, where fi and (Tm)i are the atomic fraction and melting temperature of

component i, respectively.) and glass transition temperature Tg have a linear correlation of
Tg = 0.385hTmi [446]. These correlations and the similarity between melting and glass transition pro-
cess imply the similarity between the melting and glass transition. Actually, a generalized Lindemann
melting hypothesis later was proposed to connect the melting and the some vitrification processes
[147].

The similarity between melting and glass transition process implies the possible intrinsic connec-
tion (Lindemann like criterion) between Debye temperature hD and glass transition temperature Tg

[57]. The bulky glass-forming alloys are model systems for study the common features underlies
the glass transition and the melting process, and the sufficient data on hD of metallic glasses make
it possible to revisit the topic on the correlation between Tg and hD in metallic glasses [57]. Table
12 lists hD and Tg of various typical BMGs. For BMGs, Tg is much larger than hD, and the ratio of Tg/
hD is between 1.85–2.55 and quite scattering. This means that Tg and hD cannot be considered to have
good linear correlation. Fig. 72 presents the data of Tg and hD for BMGs listed in Table 12 according to
Lindermann formula [57]. These BMGs are assumed to have the same static and dynamic mean-square
displacements l2

cri


 �
, which measuring the topological and thermal disorder of an alloy. (The values of

mean square displacement of atoms at Tg and at the melting temperature can be assumed and inter-
preted to be the same [439–441,445].) An apparent correlation between h2

D and Tg is clearly shown for
BMGs available. That is:
Fig. 72
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where a is the constant, and its value for BMGs ranges from 1.0 � 10�4 to 1.4 � 10�4 (K mol)�1, and its
average value is 1.1 � 10�4 (K mol)�1. The correlation between Tg and h2

D in BMGs confirms that the
glass transition of the BMG-forming alloys has the characteristic of melting and a Lindermann type
criterion exists for glass transition [57]. By analogy of Lindermann criterion for melting, the glass tran-
sition is considered to occur when the amplitude of motion of atoms reaches a critical value which is
somewhat small for a solid to melt [57]. The Lindermann like criterion for glass transition more or less
indicates that the glass transition is in connection with anharmonicity coupling of the vibration and
configurational energy manifolds [438]. According to the phonon theory [50], the vibrational quantum
states in glass can be regarded as short-lived wave disturbances propagating randomly through the
material. The phonon interactions in solids including metallic glasses become dominant near hD and
give microscopic region of high potential energy. The apparent correlation between Debye tempera-
ture and glass transition temperature or the existence of the Lindermann type criterion in various
BMGs indicates that the glass transition, approaching from the solid, is associated with a vibration,
which provides clues for understanding of glass transition.

The formation of metallic glass through cooling a liquid is commonly believed to be closely related
to the melting temperature of an alloy. This is based on the known Turnbull’s Trg criterion (Trg = Tg/Tl,
where Tl is the liquidus temperature) [409]. This criterion has led to the general practice of locating
glass formers specifically in the deep-eutectics. Therefore, the relationships between hD and Tg, be-
tween Tg and Tm, and elastic moduli to Tg (Tm) can be used to predict and design BMGs with a desired
glass transition temperature Tg.

8.6. Correlation between elastic moduli and fragility

The phenomenon of so-called fragility is one of the very important and interesting unsolved issues
left of the 20th century [290,447–452]. The viscosity, g, with the temperature approaching Tg of glass-
forming liquids can be classified according to the concept of ‘‘fragility’’ [447]. The kinetic fragility m,
which is directly related to the slowing down of the dynamics, is defined in terms of the shear viscos-
ity as:
Please
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m ¼ @ log gðTÞ
@ðTg=TÞ

����
T¼Tg

ð8:11Þ
Therefore, m is an index of how fast the viscosity increases while approaching the structural arrest at
Tg, the temperature at which the structural relaxation time s � 100 s or alternatively g = 1012 Pa s
[446,447]. Plotting the viscosity curves for glasses of different nature as a function of reduced co-ordi-
nate Tg/T one obtains all substances forming a sheaf of curves converging in the point Tg/T = 1. At ex-
tremely high temperatures (Tg/T ? 0) all curves strive to a common limit which corresponds to
logg = �(4.5 ± 1). For all glasses, the fragility values typically range between m = 16 (least value) for
‘‘strong’’ systems and m = 200 for ‘‘fragile’’ systems [446,447]. The meaning of term ‘fragility’ implies
that the substances having the least curvature in such coordinate system have the most conservative
structure against the temperature rising [290,446,447]. The substances with small curvature were
named by Angell as ‘strong’ glass formers. The rising of the curvature was explained by the facility
of structure destruction, and such glass forming melts are ‘fragile’.

One of the puzzles that remains unsolved is the correlation of the fragility and other macroscopic
properties of the liquids or the resulting glasses [56,81,178,305,307–310,312,313,315–317,453]. Re-
cently, attempts have been made to correlate the fragility of a glass-forming liquid and the relative
strength of K/G (or alternatively Poisson’s ratio m) of its corresponding glass [81]. Novikov et al. [81]
found, based on the analysis of a large number of non-metallic glasses (including covalent and hydro-
gen-bonded, van-der-Waals and ionic glasses) the m and K/G of the respective glasses can be well de-
scribed by: m = 29(K/G � 0.41). To put this relationship in more quantitative terms, Novikov et al. [81]
assumed that the viscosity at high T is considered to follow the Arrhenius law g = g0exp(DE/T), where
DE is a single activation, based on the observation that the temperature dependence of the viscosity in
the region of the liquid state is linear on an Angell plot. As the derivative of the relaxation time with
respect to scaled inverse temperature Tg/T is equal to DE/Tg in the liquid state. They then proceed to fit
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the experimental values of m vs. DE/Tg to obtain: DE
Tg
¼ 19:22 ln 10

m . On the other hand, based on empirical
grounds—that the transition temperature Tg correlates with both the K and the G of the glass in the
way: Tg = K + xG (where x is a fitted constant); and from elastic model [36], DE / G. Then, one gets
m / K/G.

Priya and Das tried to put this correlation on sound theoretical ground by a first-principles treat-
ment in terms of the mode-coupling theory studied for a system of hard spheres [449]. Using a scaled
packing fraction as the analogy to temperature, the relaxation time, equivalently the fragility, in the
model is correlated with the change in elastic moduli. When a specific value is picked for the upper
wave vector cutoff of the density fluctuations considered in the theory, the behavior of the ratio K/
G as a function of m exhibits remarkable agreement with the found correlation of Novikov et al.
[81]. Rouxel [341] suggests that the temperature dependent of E and Poisson’s ratio reflects the degree
of fragility of the glass based on in situ measurements of temperature dependence of elastic moduli for
various glass systems (as shown in Fig. 73). The rate of softening immediately above Tg can be used to
evaluate the fragility of liquid from the correlation existing between the softening rate and the relax-
ation kinetics.

However, Johari et al. [306,311,314] debated that the linear form of this m � m correlation is unjus-
tified, and they demonstrated that a quadratic dependence of m on the Poisson’s ratio fits the data as
well as a linear one. The interpretation of the reasons of the correlations between fragility and Pois-
son’s ratio has not yet successfully arrived at a fair and acknowledged theory, and concerns have been
raised on the correlations [300,306,311,314]. Nevertheless, even though the correlation is still contro-
versial, the work suggests that a systematic study of the correlation between fragility and Poisson’s
ratio of glasses is expected to yield important information about the nature and properties of glasses.

The values of fragility of BMGs can be directly taken by using Vogel–Fulcher (VF) equation fits to
viscosity data [240,446,447,454]. On the other hand, the liquid fragility can be determined from purely
Fig. 73. Temperature dependence of Poisson’s ratio for different glass systems [341].
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thermodynamic way near Tg, and the value of m estimated this way is consistent with those obtained
by the kinetic method [455]. Since viscosity relaxation and the glass transition measured by calorimet-
ric methods occur on the same time scale, the heating rate / dependent glass transition can be used as
an alternative way to determine the fragility of the metallic glasses [56,114,130]. Previous studies con-
firm that the /-dependent Tg describes the fragility equally well as complementary viscosity measure-
ments [456], and the dependent Tg on / can also be described by a VFT type relation:
Table 1
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/ðTgÞ ¼ A exp D�T0
g= T0

g � Tg

� �� �
ð8:12Þ
where A is a constant, T0
g is the VF temperature and D� is the strength parameter. From the fit of the

relationship of Tg vs. ln/ of the metallic glasses using the VFT equation, the VFT parameter A, T0
g and D�

are obtained, and the m can be obtained as:
m ¼ ðD�= ln 10Þ � T0
g=Tg

� �
� 1� T0

g=Tg

� ��2
ð8:13Þ
3
rmodynamic fragility values of mt for various typical BMGs. The available values of kinetic fragility mk are also listed for
isons.

llic glasses G (GPa) K (GPa) E (GPa) K/G m mk mt Refs.

i14Cu12.5Ni10Be22.5 37.4 114.1 101.2 3.047 0.352 50 39 [369,455]
75Ti8.25Cu7.5Ni10Be27.5 37.2 111.9 100.5 3.008 0.350 44 34 [455]
l10Ni10Cu15 30.3 106.6 83.0 3.521 0.370 35 [56,369,455]
i30Cu8.25Be26.75 31.8 86.9 3.51 0.37 66 66 [160]

Zr50 31.3 101.2 85.0 3.238 0.360 62 [456]
0Zr50)92Al8 34.3 116.4 93.7 3.394 0.366 43 [456]
0Zr50)92Al7Gd1 32.9 123.7 90.6 3.760 0.377 29 [456]
0Zr50)86Al7Be7 38.1 122.6 3.22 0.359 42 [453]
0Zr50)86Al7Ag7 32.7 156.1 4.77 0.402 45 [453]
Zr42Al7Y5 31 104.1 3.36 0.364 49 [453,425]
Mg15Zn20 10.1 22.6 22.4 2.23 0.300 21 [152,501]
.1Ni10.1Cu29.9P20.9 35.2 158.7 98.2 4.52 0.397 59 52 [369,455,457]
.5Si16.5Cu6 32.9 174.6 92.9 5.31 0.411 73 52 [457,458]
Ni40P20 38. 6 184.9 108.2 4.79 0.403 54 41 [457,458]

i15P25 33.8 201.9 96.1 5.97 0.421 68 86 [113,453,458]
5Cu14.7Ni5.3P22.5 33.3 198.7 5.98 0.42 68 [113,453,458]
.8Ge13.8Si8.4 – – – 8.28 0.442 92 [436,437]
Ag5.5Pd2.3Cu26.9Si16.3 132.3 26.5 4.99 0.406 70 [114]
Al10Ni10Cu10 11.5 27.0 30.3 2.34 0.313 21 [56]

l10Ni10Cu20 13.6 45.2 37.2 3.31 0.363 31 [56]
Y16Al24Co20 23.5 58.0 62.2 2.46 0.321 32 [56]
l25Cu10Ni5Co5 15.6 44.2 41.8 2.83 0.342 28 [457,458]

Al10Fe20Co10 20.7 46.5 54.1 2.24 0.306 33 32 [56]
Al25Co20Y16 26.2 63.6 69.1 2.43 0.319 49 [140]
Y16Al25Co20 55.3 29.4 75.0 1.88 0.274 39 [118]
Zr15Al25Co20 68.1 28.0 73.8 2.43 0.319 35 [118]

.5Zn15Mg17.5Cu5 10.4 19.8 26.5 1.90 0.276 26 [63]
l25Co20 15.42 39.34 40.90 2.65 0.327 27 [138]
l25Co20 17.35 43.48 45.90 2.64 0.324 38 [138]

Al25Co20 22.85 50.19 59.53 2.61 0.302 32 [138]
Al25Co20 23.52 52.22 61.36 2.61 0.304 30 [138]
Al25Co20 25.42 58.81 66.64 2.62 0.311 25 [138]
l25Co20 27.08 60.70 70.72 2.61 0.306 28 [138]
Cu25Gd10 19.3 45.1 50.6 2.338 0.313 41 [56,458,460]
Cu25Y10 19.4 44.7 2.30 0.305 45 [453]

Li9.96Mg8.54Zn16.5 8.95 20.2 23.4 2.26 0.307 20 [237]
5C5Si3Al5Ga2P10 58.5 113.4 149.7 1.938 0.280 34 [459]

5Ni41.5P17 10.1 0.452 99 [458]
b35Sn5 66.3 267 4.03 0.385 60 [453]
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The changes in T0
g result in changes in D� that keep the value of m reasonably constant [455–464]. Ta-

ble 13 lists the values of m for various BMGs available. The available values of kinetic fragility are also
listed to show that both thermodynamic and kinetic fragility give the same tendency. The values of m
normally range from 20 to 70 for the BMGs. According to the Angell’s classification [446,447], the
BMGs are intermediate strong glasses.

As the structural state of a glass is inherited from the equilibrium liquid, the elastic properties of
the BMGs are expected to be inherited from the infinite frequency elastic response (G1 and K1) of
the equilibrium liquid at fictive temperature Tf [465–467]. Therefore, it would be intriguing to see if
there exists a similar correlation between fragility and Poisson’s ratio in BMGs. Egami proposes an ap-
proach based on the exchange and fluctuation of atomic bonds described in terms of the atomic level
stresses to theoretically explain the relation of fragility and Poisson’s ratio in metallic glasses [302]. By
using the model, the relation between fragility and Poisson’s ratio is given by: m = 39(1 � m)/2(1 � 2m).
The survey of fragility and elastic moduli for various typical metallic glasses has been made to attempt
to establish the correlation between elastic moduli and fragility [56]. Fig. 74 presents the relation of m
and K/G (alternatively Poisson’s ratio m) of a variety of BMG systems available. The Novikov–Sokolov
correlation m = 29 (K/G � 0.41) [81] for non-metallic glasses is also shown for comparison. The collects
all available relevant data on BMGs show that there a very roughly tendency between the fragility and
elastic properties in BMGs. The thermodynamic fragility upon the relative strength of K/G rough de-
scribed by the relationship:
Please
metal
m ¼ 11:0ðK=G� 0:27Þ ð8:14Þ
The correlation coefficient (11.0) is much different from that of the Novikov–Sokolov correlation
(29.0). The difference is assigned to the contribution of the free electron gas to the bulk modulus in
metallic glasses with complex chemical composition [308]. Novikov et al. claim that the ratio of Tg

or Tm to the activation energy of viscous flow in normal metallic liquid correlates with fragility just
as in other nonmetallic liquids [308]. Dai et al. [312] claim that there is an intrinsic correlation be-
tween fragility of a liquid and bulk modulus of its glass [mRTg/(M/q) � 0.729 = 0.198K], and the linear
correlation between the fragility and the K/G exists strictly at either absolute zero temperature or very
high frequency. Moreover, an inverse linear correlation between fragility and bulk dilatation induced
by shear-dominant activation energy was discovered. Park et al. find that m can be formulated with m
as [315]: m = �0.179 + 0.312logm, which means that m and m have a nonlinear correlation. They fur-
ther suggest high m as well as large m values might be regarded as indicators of the BMGs plasticity
[315]. Nemilov claims that the m � m correlation exist only within special groups of glasses which have
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Fig. 74. The correlation between m and K/G for the available metallic glasses.
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related structure, and the relation between the variation of the vibrational properties during the glass
transition and the fragility of the liquid would explain the highly debated Poisson’s ratio vs. fragility
correlation [290].

We note that the relation between m and B/G (or m and m) inevitably contains large ambiguity be-
cause of the narrow range of m values for the available BMGs. Unfortunately, at this moment, there are
not so many BMG formers, whose kinetic fragility and elastic constants are all known. The kinetic fra-
gility is calculated at a well defined Tg, the calorimetric fragility is usually calculated at a higher and
not well defined Tf. This introduces an additional source of uncertainty; both the elastic constants and
the calorimetric fragility depend on a not very well-known value of Tf which, in addition, can be dif-
ferent for different kind of experiments. Thus, the m � m correlation should be carefully checked and
improved for more BMG systems in future. On the other hand, to clarify the validity of the correlation
between the K/G ratio and the fragility of the liquid, measurements of the high-frequency elastic con-
stants of the equilibrium liquid at the same Tg where the glass fragility is calculated should be per-
formed. The estimation of the elastic constants of the equilibrium liquid at Tg from the elastic
constants of the glass at room temperature introduces a certain amount of error. Unfortunately, there
is few such available data in literature for metallic glasses. The validity of the correlation shown in
Fig. 74 has to be taken with precautions. More experimental measurements, theoretical calculations
of the infinite frequency response of liquids near glass transition and analysis of data for more differ-
ent BMGs and other glass-forming materials different from metallic glasses are crucial to check this
hypothesis. There is no clear model for a mechanism of such correlations either, and more works
are needed to clarify the issue.

8.7. Correlation between elastic properties and boson peak

One of the most intriguing universal features of glasses, observable in Raman or inelastic neutron
scattering or specific heat at low temperatures, is so called boson peak (BP), which is defined as excess
with respect to the Debye contribution in the low-frequency vibrational density of state (VDOS) [468–
472]. At low temperatures, accordingly, the specific heat Cp of glasses often presents a distinct excess
in Cp/T3 compared to the Debye theory above 1 K, which is related to the BP contribution. However, the
physical origin of BP is still a debated issue and is commonly considered as one of the great mysteries
of glass physics [468–472]. Interest in this issue is further stimulated by the finding that the amplitude
of BP is even correlated with the liquid fragility m in non-metallic glasses [331].

The low-temperature Cp anomalies associated with boson peak in various BMGs have been recently
studied [321,473–480]. The CuZr-based BMGs with significant differences in GFA, elastic properties,
and configurational features induced by minor additions were chosen as model systems. These BMGs
cover a substantial part of the Angell diagram in terms of fragility. The availability of such glasses
makes it possible to study the low temperature Cp anomaly associated with the generation of low-fre-
quency modes, and to identify how the low-frequency mode changes with the fragility, Poisson ratio m,
GFA, and microstructural feature in metallic glasses [321]. Table 14 lists the parameters of GFA, fragil-
ity, elastic properties and microstructural features of these BMGs. The Cu50Zr50 is fragile BMGs, (Cu50Z-
r50)90Al7Gd3 is strong BMGs, and (Cu50Zr50)96Al4 BMG possess an intermediate degree of fragility [58].
Fig. 75 shows the (Cp � cT)/T3 (c is the electronic coefficient of Cp) of the BMGs without the mask of the
electronic and/or magnetic contributions. The results clearly exceed the Debye model and show an
anomaly. The fragile CuZr glass shows hardly pronounced bump, while the bump becomes more pro-
nounced, and the Tmax corresponding to the maximum excess Cp shift to lower T for the stronger BMGs.
As in many nonmetallic glasses, it is reasonable to believe that the humps arise from low-frequency
vibrations and corresponds to the boson peak [470]. The value ((Cp � cT)/T3)max at the maximum for
the BMGs increases with the decreasing fragility, and the excess Cp becomes much stronger in the
strong BMGs. The CBP is obtained from subtracting the Debye contribution CD, cT and/or the magnetic
contribution from the measured Cp. The boson peak has been found in a series of various BMGs [474].
After scaled by CD, the different Debye contributions, which are usually the maximal one to Cp, is elim-
inated, and the CBP/CD values of these BMGs, oxide glasses and organic glasses obey a clear correlation
between the BP and m only with an exception of SiO2 (see Fig. 76) [474,481]. The results provide new
evidences for the correlation between the thermodynamic and kinetic properties in various glasses.
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Table 14
The fragility m, and critical sample thickness dc, volume per mole Vm, and Poisson’s ratio m for CuZr-based BMGs. The markedly
increase of dc indicates that the significantly increase of the GFA of the alloys by minor additions. The BP amplitude ((Cp � cT)/
T3)max and position Tmax, the Debye temperature hD, and the Einstein temperature hE are also listed [321].

Parameter Cu50Zr50 (Cu50Zr50)96Al4 (Cu50Zr50)90Al7Gd3

dc (mm) 2 5 10
m 62 40 30
Vm (cm3) 10.4 10.5 10.7
m 0.359 0.369 0.373
Tmax (K) 17.5 10.1 7.8
((Cp � cT)/T3)max 0.125 0.181 0.202
hD (K) 283 281 268
hE (K) 88 73 67
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Fig. 75. The (Cp � cT)/T3 vs. T plots of Cu50Zr50, (Cu50Zr50)96Al4 and (Cu50Zr50)90Al7Gd3 BMGs after subtracting the electronic
contribution or/and the magnetic contribution [321].
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The inset of Fig. 76 and Table 14 also show that the ((Cp � cT)/T3)max increases linearly with the
increasing Poisson’s ratio m. The glass with higher m has stronger BP. The correlation can be extended
to more BMG systems [474].

The Cp anomalies associated with the boson peak in BMGs can be fitted well using an additional
Einstein mode [475–479]. The presence of an Einstein oscillator suggests the existence of the vibra-
tions of loose atoms or clusters in an independent localized harmonic mode in the glasses [475–
479]. In crystalline materials, the vibrations of the loose ‘‘rattler’’ atoms in oversized cage structure
or large voids are regarded to result in the localized modes [482,483]. It is assumed that the localized
vibrational mode has a Gaussian distribution with a dominant frequency corresponding to the Einstein
frequency. Therefore, the mode’s contribution to VDOS has a Gaussian distribution which deviates
from the Debye mode. At higher temperature (>10 meV), the hybridization with other modes is stron-
ger, and the peak is considerably broader, which cannot be separated from the measurement. In the
alloys, the minor addition of atoms (Al and Gd) with markedly different atomic size induces an in-
crease of the amount of the solute atoms and vacancies and then changes the localized vibrations
in the alloys. This causes the change of the peak position, the intensity and broadness of the BP. Ultra-
sonic and density measurements confirm that the additions and annealing below Tg do induce mark-
edly change in elastic moduli and molar volume indicating obviously structural change. This proposed
model is also useful for the understanding the observed correlations. In BMG-forming liquids, the local
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104 W.H. Wang / Progress in Materials Science xxx (2011) xxx–xxx
structure controls m, m and GFA. Both the elastic moduli and the low-T Cp anomaly (or boson peak) are
‘‘finger-mark’’ properties of glass when the liquid freezes into glass, it is therefore reasonable to exist
correlation between the excess vibrational contribution in the BMGs and the representative properties
of liquid such as m and Poisson’s ratio.
8.8. Other correlations

For various BMGs, there exist correlation between average Grüneisen parameter cav and bulk mod-
ulus K. Table 4 lists pressure derivative of velocities, dvl/dP and dvs/dP, and Grüneisen parameters, cl, cs

and cav of various glassy materials, and the K, m of these glasses are listed in Table 1. The cl, cs and cav
are the longitudinal, shear and average Grüneisen parameters, respectively. Fig. 77a shows smooth
correlation between cav and K for various BMGs. There seems to be abrupt increase of cav at
K � 110 GPa, and the systems with K < 110 GPa tends to have similar cav value around 0.9, while
the systems with K > 110 GPa increase sharply. Fig. 77b shows a clear correlation exists between cav
and Poisson’s ratio, indicating that the BMGs with bigger Poisson’s ratio tend to have stronger anhar-
monic effects. System with bigger Poisson’s ratio tends to have bigger cav. The anharmonic effect in
BMGs under pressures correlates with K, and Poisson’s ratio, and the BMGs with smaller K and smaller
Poisson’s ratio perform weaker anharmonic effects [484]. We will show later that the plasticity of
BMGs correlates with Poisson’s ratio v [56]. A large v is regarded as the indicator of the plastic char-
acteristic of a BMG and could therefore be used as a means of identifying plastic BMGs. The correlation
between anharmonic behavior and Poisson’s ratio indicates the proposition that the plasticity of
metallic glasses is related to the anharmonic effect or Grüneisen parameter. That is, the BMG system
with stronger anharmonic effect (larger Grüneisen constant cav) has better plasticity (alternatively, the
bigger m).

Poisson’s ratio m can be calculated as [56]: m ¼ v2
l
�2v2

t

2 v2
l
�v2

tð Þ. Unlike other elastic constants, to get m value

one does not need to measure the density which is hard to be measured in situ during experimental
process. This characteristic makes Poisson’s ratio a suitable probe for investigating temperature and
pressure behaviors of a material [56]. Recently, Rouxel et al. [207] reported that there is a direct cor-
relation between m and the maximum post-decompression density change in various glasses. How-
ever, most of the researches focus on establishing relations between Poisson’s ratio and other
physics parameters, and little work involving in temperature or pressure dependent behaviors of m
which are closely related to atomic configurations and potentials has been reported. The Poisson’s
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ratio variations under high pressure and low temperature (270–100 K) of a variety of bulk metallic
glasses and non-metallic glasses were recently investigated [485]. It is found that the microstructure
of metallic glasses with high m is difficult to be changed under pressure or low temperature compared
with that low m ones, and there are direct correlations between Poisson’s ratio and its differential upon
pressure or temperature. The pressure variations of m for various glasses at room temperature are
shown in Fig. 78a. To avoid any possibility of plastic behavior, the pressure was raised to 0.5 GPa,
which is much lower than the yielding strength of measuring BMGs and glasses. The m of all the glasses
changes roughly linearly with increasing P but shows markedly different slopes. For silica glasses,
their m decreases with increasing P and dm/dP of the silica glasses has a negative value [485]. While
for various BMGs with different values of m, their m increases with increasing P and their dm/dP has
a positive value. The different pressure responses of BMGs and oxide glasses reflect their different
structures and chemical bonding. For a Ce70Al10Ni10Cu10 metallic plastic, it has markedly different
structural characteristics and features compared to other BMGs, and its bonding between Al and Ce
atoms have a strong covalence-like characteristic [169]. It then shows similar response of m under
pressure like silica glasses and negative dm/dP. Fig. 78b shows the data of dm/dP vs. m0 (Poisson’s ratio
at ambient temperature and pressure) for BMGs and some silica glasses. From Fig. 78b one can see that
dm/dP vs. m0 can be distinctly divided into three zones. The red-circled zone contains the BMGs which
are characterized with bigger m0 (>0.27) and positive dm/dP. The green-circled zone of the silica glasses
is characterized with smaller m0 (<0.27) and negative dm/dP. And the Ce-based metallic plastic in the
blue circle are characterized with bigger m0 (>0.3) and negative dm/dP. The variation of m with T for dif-
ferent BMGs and non-metallic glasses is also investigated and shown in Fig. 78c. In contrast to the m
variation under P, both silica glasses and BMGs have a negative dm/dT. Similarly, the data of dm/dT and
m0 can also be divided into three zones as shown in Fig. 78c. The result indicates that the dm/dP or dm/dT
can be used to reflect or distinguish the chemical bonding or structure in different glasses.

Though the m of the BMGs increase linearly with the increasing P [Fig. 79a], different BMGs display
different changing rates upon P. The dm/dP of Yb-based BMG with smaller m is more than 20 times
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larger than that of Pd-based BMG with larger m. This means that the increase of m of Yb-based BMG
upon P is more than 20 times larger than that of Pd-based BMG. Remarkably, the m0 of various BMGs
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correlates with their slope of dm/dP, and the BMG with smaller m0 has larger dm/dP. As shown in
Fig. 79b, the dm/dP vs. m0, for BMGs can be expressed by an equation:
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¼ 0:00295þ 540 expð�34 � m0Þ ð8:15Þ
The results indicate that m can be viewed as a useful index to predict the extent of the change rate of m
under P of a metallic glass, and there should exist distinct structural difference among these BMGs
with similar structural characteristic consisting of efficiently packed clusters.

The P-induced density changes (dq/dP) of these BMGs are calculated using the Cook’s methods [71].
Under 0.5 GPa, the density of the Yb-based BMG with smallest m among these BMGs, has largest in-
crease of �5% [484], and for Nd-based BMG (smaller m) q increases more than 2%, and the density
of Pd-based BMG with bigger m increases only about 0.6%. It is can be found that both dq/dP and
dm/dP show very similar changing tendency with the increasing m0 as shown in Fig. 79c and d. The
BMGs with high m are more difficult to be changed under pressure both in density and in Poison’s ratio
itself.

The variation of m of various BMGs vs. temperature is shown in Fig. 80a. The m of all the BMGs
monotonously decrease with decreasing T and the T dependence of the m of various BMGs can be
modeled by the Varshni expression [225]. It is noted that the m of BMGs exhibits opposite changing
tendency when lowering T and increasing P. This is due to the different response of volume-nonpre-
serving bulk modulus K and volume conservative shear modulus G upon lowering T and increasing P.
The m can be expressed by the two elastic constants as: K

G ¼ 2
3

1þm
1�2m, and it is obvious that the increase of

K/G corresponds to the increase of m. Experimentally, the increase of K is larger than that of G when
raising pressure. On the contrary, the increase of G plays a dominant role when lowering temperature,
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and the G shows steep decrease while K undergoes weak T dependence. Therefore, different responses
of K and G upon lowering T and increasing P lead to the opposite changing tendency of m. The opposite
change of m is related to the structural features of a metallic glass and is corroborated by a recent the-
oretical study of Poisson’s ratio changes in glasses [49].

When T < 100 K, the decrease of m of Mg-based BMG (>2%) is two times larger than that of CuZr-
based BMG (<1%). The difference further confirms structural difference in these BMGs. The correlation
between �dm/dT and m of various BMGs at room temperature is shown in Fig. 80b. The absolute value
of dm/dT, which represents the change of the atomic structure and density of the BMGs, decreases with
the increasing m. It is found that even though the m of BMGs exhibits opposite changing tendency upon
lowering T and increasing P, the T and P derivatives of the Poisson’s ratio vs. m0 have similar tendency.
That is, derivatives of m decrease with the increasing m0, and the tendency can be fitted by similar
equation:
Please
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� dm
dT
¼ �0:00007þ 0:0013 expð�6:3 � m0Þ ð8:16Þ
The correlation shows that the BMGs with higher m are more stable upon lowering temperature, and
can be used to predict the change rate of m of a BMG under low temperature.

The correlations further demonstrate that the Poisson’s ratio is an important parameter for effec-
tively reflecting free volume fraction which is key structural characteristic of glasses. The derivatives
of m upon P or T can distinguish the chemical bonding nature of different kind of glasses. In addition,
the results indicate that the m can reflect the free volume fraction in metallic glasses. The finding of
free volume of BMGs with higher m is hard to be annihilated under pressure or upon lowering T com-
pared to that of the BMGs with low m confirms that the volume conservative shear flow predominates
in metallic glasses. Free volume is related to the formation, relaxation and deformation of metallic
glasses. The free volume in a metallic glass increases as the plastic deformation proceeds because of
the shear induced dilatation [3,23,486]. The links between m and free volume in glassy materials
can assist in understanding of many fundamental issues in the metallic glasses such as plastic flow,
relaxation and formation. The shear transformation zones, STZs or plastic units occur preferentially
in the regions with plentiful of free volume in BMGs and evolve into shear bands upon loading. So,
if the fraction of the free volume in BMGs hard to be annihilated (more free volume are left in the sam-
ple), their plasticity will be improved. The finding, that the free volume annihilation in BMGs with
high m is more difficult under pressure or upon decreasing temperature compared with low m ones,
means that the more STZs could be activated concurrently in the BMGs with higher m. Consequently,
numerous shear band nuclei are formed concurrently in the BMGs which leads to good plasticity in the
high m BMGs. The density change of brittle BMG (e.g. Yb-based BMG) is much larger than that of tough
BMGs (e.g. Zr-based BMG), and the free volume fraction in high m BMGs is smaller than the fraction in
the low m ones. Generally speaking, this indicates that more atoms between two nearest free volume
sites in the tough BMGs with higher m, and the STZ of the high m BMGs generally contains more atoms
comparing to that of the low m ones. And STZs of a large size reinforce the shear capability of the BMGs
and promote the formation of multiple shear bands, which is consistent with the fact that a higher m
represents a higher ductility [56]. The Poisson’s ratio, which has loosed links with free volume fraction
and bonding feature of glasses, is an important parameter for reflecting the microstrucutral features,
deformation of glasses, and for providing predictability and formation design for the apparently dis-
ordered metallic glasses.
9. Correlations between elastic moduli and mechanical properties

The intrinsic relationships between mechanical properties and their crystal and electronic struc-
tures of crystalline materials have been well established with the development of dislocation theory
and electronic theory, which can explain the atomic and electronic origins of the strength, deforma-
tion and plasticity of crystalline materials [487,488]. While for glassy materials, such as metallic
glasses, the definite correlations between mechanical behavior and their atomic and electronic struc-
tures have not been properly established due to the complicated disorder structure. The underlying
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physics of the strength and plasticity of metallic glasses at temperature well below glass transition
temperature is poorly understood. Currently, efforts are being made in order to understand the elastic
behavior of metallic glasses, mainly because the elastic properties of a metallic glass, which can be
easily determined, are closely related to many of its mechanical qualities such as strength, hardness,
toughness and plasticity. Elastic modulus E, hardness Hv, fracture strength rf, toughness Kc and plas-
ticity are essential parameters of structural materials including metallic glasses, and the relationships
among them are of keen interest to material scientists. The availability of various BMGs with a min-
imum dimension of P1 mm has permitted better characterization of their mechanical properties, and
significant data have been collected on the mechanical properties (e.g. fracture strength and tough-
ness, Vicker’s hardness, and plasticity) and elastic constants for various metallic glasses [54–58]. Even
if no comprehensive understanding of the mechanism for the strength, plasticity and deformation
mechanism in BMGs, it would be intriguing to see if there exist relations between mechanical behav-
iors and elastic properties in these glassy alloys. The empirical correlations are useful for the design
and exploration of BMGs with desired mechanical properties and for understanding the behaviors
of metallic glasses.

9.1. Correlation between elastic moduli and strength

Structural materials are the workhorse of our infrastructure. Stronger and tougher metallic mate-
rials are always needed to reduce weight and improve safety [489]. The fracture strength of materials
depends on various characteristics of the materials and represents a fundamental open issue of sci-
ence and engineering, and is also key issues in characterizing the mechanical behavior of a structural
material. For a given material with an original cross-section area A, if the applied maximum tensile
force is Fmax, the fracture strength can be calculated by rf = Fmax/A [487]. It is well known that the ac-
tual strengths of various metallic materials are significantly different due to the difference in their
microstructures and processing in details [487]. Theoretically, the Young’s modulus E correlates with

fracture tensile strength, rf of a material as [488]: rf ¼ E�Ec
d

� �1=2
, where Ec is the surface energy per unit

area, and d is the spacing of parallel atomic planes. For normal solids, rf is estimated to be about E/
5 � E/10 [488–491]. Frenkel suggested that the ideal strength of a metal should be given approxi-
mately by G/5 [492]. However, the practical fracture strength for crystalline metallic materials is much
lower than the theoretical values. In most metals the actual strength is closer to E/500–E/10,000 or G/
1000 due to the motion of dislocations or other defects at much lower stresses. The factors determin-
ing fracture strength have no simple link with interatomic potentials, yet there is a rough correlation
between E and rf: E/rf = 500 � 10000. The correlation provides evidences for the existence of defects
such as dislocations in crystalline alloys and assists in understanding the relation between microstruc-
ture and mechanical properties [491]. One of most important characteristics of metallic glasses is their
ultrahigh strength. Analogous to dislocation-free crystals, the strength and the shear strength of a
metallic glass is expected to be close to the theoretical value (�E/10 for fracture strength or �G/5
for shear strength). However, the extensive experimental results show that the highest strength of
metallic glasses is also about 3–4 times smaller than the theoretical strength. The deviation from
the theoretical value is attributed to the existence of manufacture flaws or structural ‘‘defects’’ and
unique deformation model and local shearing of the glasses [493–499], and a number of micro-scale
mechanisms have been proposed to describe the spatially and temporally heterogeneous deformation.
However, the physical process that governs the yielding and strength of glassy alloys still remains
mysterious and has been the recent topic of intense discussions [29,45].

The study of relationship between fracture strength and Young’s modulus in BMGs could provide
insight on the issue. Primary analysis based on limited data from metallic glasses show that the
strength normalized with respect to E [54,393]. However, there currently is very active development
of new compositions for forming BMGs and the reported strength ranges widely from 300 MPa to
more than 5000 MPa and the Young’s modulus ranges form 25 GPa to 300 GPa [56]. The Co-based
glassy alloy exhibits ultrahigh fracture strength (5.185 MPa) and high E (268 GPa) [175]. In particular,
the newly developed Sr-, Ce-, Yb- and CaLi-based BMGs with low E value (<30 GPa, is comparable to
those of polymers) [113–128,173] and low strengths (300–500 MPa) demonstrates that BMGs are not
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necessarily ‘‘hard’’ but could be ‘‘soft’’ [113–128,173,500,501]. The plentiful data available on elastic
moduli and mechanical properties permit a better assessment for metallic glasses by establishing links
between strength and elastic moduli.

Table 12 lists relevant data on typical metallic glasses in the literatures (including almost all kinds
of developed BMGs based on different elements with representative compositions). Even though the
original data are obtained from different groups with various testing conditions, the data on these
metallic glasses, plotted in Fig. 81, show clear good correlations between fracture strength rf and E:
Fig. 81
which
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E=rf � 50 ð9:1Þ
There may be some composition-dependent spread in the correlation, but it is remarkable that the
spread is so small and certainly much less than for that of the crystalline materials. On the other hand,
for these metallic glasses, the ratio of E/r is 50, which approximately 10–200 times larger than those
of their crystalline counterparts and is close to the theoretical strength (about E/5 � E/10) [488]. This
indicates the fundamental mechanical properties of the metallic glasses are significantly different
from those of crystalline alloys. The correlation is remarkable good as that found when comparing dif-
ferent glasses, as can be seen when all the data on various metallic glasses prepared by different meth-
ods with marked different properties are combined. The glasses based on Ca, CaLi, Sr, La and Ce with
the lowest values of E, the Co- and Fe-based BMGs with strength well in excess of 4000 MPa, and the
recent report of tungsten-based glasses with extreme high E (=309 GPa) and exceptionally stronger
mechanical properties than those of any metallic glasses so far reported [424], all fit well on the same
correlation. The existence of the positive correlation does not depend on the chemical composition of
the BMGs but is mainly related to the intrinsic homogeneous glassy structure. Overall, it would appear
that glassy alloys are more strength than their crystalline counterparts, and the high strength is intrin-
sic in BMGs and closely related to their elastic properties [56].

Data for room temperature shear stress at yielding sY and shear modulus G of BMGs reveals a sim-
ilar relationship: sY = ccG [82]. Fig. 82 shows the experimental shear stress at yielding, sY(�rY/2) vs. G
for BMGs [82]. A clear linear correlation with a best fit of cC = G/sY = 0.0267 are obtained. Based on the
correlation, a scaling relationship among the shear flow barrier, a universal critical yield strain cC and
the isoconfigurational shear modulus, G, were constructed [82], which reveals that for a fixed glass
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. The correlation of mechanical strength rf with elastic modulus E for all the metallic glasses (listed in Table 12) for
relevant data are available.
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Fig. 82. Experimental shear stress at yielding, sY vs. shear modulus G at room temperature for various BMGs [82].
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configuration, the barrier height for shear flow is proportional to G. It is also found that G has a strong
dependence on the specific configurational potential energy of the equilibrium liquid, and the temper-
ature dependence of G in the liquid state is directly related to the fragility of the metallic glass-forming
liquids. A rheology law of metallic glass-forming liquids has been proposed and validated in which G
was identified to be the effective thermodynamic state variable controlling flow [82,493]. A lower G
implies that the shear flow barrier for an unstressed shear cooperative zone is relatively small, which
allows the atoms to get into a higher potential energy configuration and benefits the plastic yielding
behavior.

The strength and the shear strength of a metallic glass are still about 3–4 times smaller than the
theoretical strength. In conventional mechanical test, the metallic glasses usually fracture in brittle
manner before macroscopic yielding occurs, which making it difficult to unambiguously determine
their yield stress. The deviation from the theoretical value is attributed to the existence of manufac-
ture flaws or structural ‘‘defects’’, and unique deformation model and local shearing of the glasses
[494,502]. In crystalline metallic materials, reducing sample size can lead to defect-free materials
and the approach of the theoretical strength in crystalline materials [503]. Along this idea, Bei et al.
determined the highest shear strength of BMGs by employing nanoindentation, the measured values
are very close to the theoretical values [494]. The results suggest that the strength of BMGs is deter-
mined solely on the bonding force between the constitutive atoms. Recently, detectable sample size
effect on strength was reported in the micro-compression experiments of metallic glasses, and about
9% increase over bulk values from the micro-pillars was measured [504]. This increase in strength is
attributed to decreases in the flaw population in the microscale specimens demonstrating the sample
size effect in shear band initiation in macroscopic samples and influence of flaws on the strength of the
BMGs.

Both E and yielding strength show general linear correlation with Tg. By incorporating the term of
molar volume Vm, the fracture strength of glassy alloys has been found to have a clearer linear relation
with Tg [54,323,402]. A number of attempts have been made to explore the underlying physics of the
linearity [323,505]. Recently, an inherent relationship of yield strength sy with glass transition tem-
perature Tg and molar volume V of metallic glasses in a universal scaling equation of
sy = 3R � (Tg � RT)/V [506] (where sy is yield shear stress and sy � ry/2) is derived from fundamental
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thermodynamics and validated by various metallic glasses with well-defined yielding. As shown in
Fig. 83a, the room temperature yield shear strengths (spanning from �1.7 GPa to �4.0 GPa) for typical
BMGs (listed in Table 15) do show a distinct dependence on (Tg � RT)/V in a linear manner. The rela-
tionship between sy and (Tg � RT)/V is plotted as the solid line, and equation derived from fundamen-
tal thermodynamics fits the experimental results well. It is interesting to note that the fitting slope is
just equal to the Dulong–Petit limit 3R while c0 is equal to 1. In comparison of with other empirical
relations, the slope of 50 in other study [323] is actually the product of Dulong–Petit limit 3R and
the Schmid factor 2, both of which are invariable for BMGs. According to experimental observations
and computer simulations, the yield point of BMGs corresponds to the destabilized propagation by
the percolation of a large number of local shearing events with a critical shear strain, c0 [486]. The
transition from local shearing to macroscopic shear bands results from the dramatic increase of the
atom mobility and softening along a shear plane motivated by the input of mechanical energy
[507,508]. The linearity intrinsic correlation between sy and Tg demonstrates the transition is akin
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Fig. 83. (a) The relationship between yield shear stress sy and glass transition temperature Tg. The solid line is the plot of Eq. (4),
sy = 3R � (Tg � RT)/V, in which R is the gas constant. (b) The relationship among Young’s modulus E and glass transition
temperature Tg. The solid line is the plot of equation E = 3R � (2/eE) � (Tg � RT)/V, in which R is the gas constant and eE is the elastic
limit in uniaxial compression [506].
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Table 15
Summary of yield strength ry, Young’s modulus E, glass transition temperatures Tg, and calculated molar volume Vm of 15 different
BMGs from five alloy systems [506].

Label BMG ry (GPa) E (GPa) Tg (K) Tm (K) Vm (mm3/mol)

A Zr62Cu15.4Ni12.6Al10 1.812 80 652 – 11666
B Zr59Ta5Cu18Ni8Al10 1.817 96 673 – 11,669
C Zr41.2Ti13.8Cu12.5Ni10Be22.5 1.755 97 620 932 9949
D (Cu0.5Zr0.5)95Al5 1.824 90 693 – 10,570
E Cu60Zr20Hf10Ti10 2.160 107 754 1128 9504
F (Ti0.5Cu0.5)84Ni7Hf5Zr3Si1 2.254 105 687 – 9136
G Ni62.5Zr20Nb15Pd2.5 2.808 150 867 1368 8792
H Ni60Zr20Nb15Pd5 2.752 148 873 1353 8850
I Ni57.5Zr20Nb15Pd7.5 2.717 146 870 1351 8907
J Ni55Zr20Nb15Pd10 2.714 146 864 1349 8965
K Ni52.5Zr20Nb15Pd12.5 2.705 145 861 1352 9023
L [(Fe0.8Co0.1Ni0.1)0.75B0.2Si0.05]96Nb4 4.177 208 818 – 6945
M [(Fe0.6Ni0.4)0.75B0.2Si0.05]96Nb4 4.014 203 770 – 6864
N Fe76Si9.6B8.4P6 3.212 165 783 1271 7964
O (Fe0.76Si0.096B0.084P0.06)99.9Cu0.1 3.225 158 785 – 7956
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to a process of stress driven glass-to-liquid transition [506–508] and the yielding of BMGs can be
rationally presumed as a critical point at which the accumulated internal energy by elastic deforma-
tion is high enough for the transition from a glass to a supercooled liquid. This contributes to the basic
understanding of the strength and the thermodynamic origin of shear band formation and BMG yield-
ing. The free-volume regions are the preferred regions to initiate the destabilization of glassy structure
caused by either temperature (glass transition) or applied shear stresses (local shearing). The linear
correlation between sy and Tg evidently demonstrates that the strength of BMGs is controlled by a pro-
cess of shear transformation, equivalent to glass transition (or localized glass transition), and thus the
strength of BMGs is determined by the free volume or loosely atomic packing regions, and the elastic
destabilization of metallic glasses driven by external forces is equivalent to the glass transition local-
ized in shear bands induced by mechanical energy.

9.2. Correlation between elastic moduli and microhardness

Elastic modulus E and hardness Hv are two essential parameters of engineering materials, and their
relationship is of keen interest. The indentation hardness, Hv, is the resistance of a material to a per-
manent indentation, conventionally defined as the average pressure under the indenter in fully devel-
oped plasticity, where the hardness Hv, given by the ratio of the applied load to the remnant contact
area, of the plastic indentation. For traditional metallic crystalline materials, the relationship between
Hv and elastic modulus was proposed by Tabor [509,510]. From statistical trend, E is usually consid-
ered to be a function of hardness for crystalline materials [511]. The summarized a number of mea-
surements to show that for various crystalline materials hardness roughly scales with elastic
modulus, while this rule neither has analytical support nor is generally obeyed.

For metallic glasses with homogenous structure relative to their corresponding crystal, it is inter-
esting to know if there exist a general relationship between elastic moduli and hardness. Indentation
tests including nanoindentation tests, which are quite easy to perform, have been widely used to mea-
sure the Hv of metallic glasses including BMGs and plentiful data are available. Table 12 lists relevant
data of the Vicker microhardness Hv of typical metallic glasses which are able to be found in the lit-
eratures. As plotted in Fig. 84, there is a good correlation between Hv and E:
Please
metal
E=Hv � 20 ð9:2Þ
Even there is composition-dependent spread in the correlation, the spread is so small in various
BMGs with markedly different mechanical properties. Due to the linear relationship between E and
rf as shown above. The Hv and r, as expected, show a remarkable good correlation as (as shown in
Fig. 85):
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metal
Hv ¼ 2:5rf ð9:3Þ
The ratio of Hv and r is close to crystalline metallic materials, which gives a value of 2.7 [509]. There-
fore, the microhardness can be characterized as a function of the elastic moduli in metallic glasses
independent of the composition. The clear correlation is useful for hard or soft metallic glassy mate-
rials design and for BMG properties controlling.

9.3. Correlation between elastic moduli and toughness/plasticity

Whether a material shows plastic flow or brittle fracture on loading is of clear practical signifi-
cance. In crystalline materials, the plastic deformation results from the motion of defects such as lin-
ear defect of dislocations, and the applied energy can be accommodated through many pathways
including dislocation slip, twin, phase transformation, heat generation, etc. [512]. However, in metallic
glasses, plastic deformation is not enabled to be accommodated by defects in crystalline materials
such as dislocations. Some models such as free volume model and shear transformation zones model
involving clusters of atoms that undergo cooperative shear displacements have been proposed
[513,514] to understand the plastic flow in metallic glasses. Among these models, the STZ model is
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widely accepted. According to the STZ model, one STZ’s operation creates a localized distortion of the
surrounding material and triggers the autocatalytic formation of more STZs. The shear band is formed
by a collective operation of many STZs due to the stress localization and local shear softening. The
deformation in conventional metallic glasses occurs in thin shear bands with nano-scale thickness,
and the shear softening in the deformation zones leads to inhomogeneous flow and shearing-off fail-
ure without macroscopic plasticity [370,390,513,514]. However, whereas most BMGs fail in this man-
ner, some undergo surprisingly extensive plastic deformation in compression or bending, or under
some confinements [85,377–394,515–530]. It is so far difficult to observe the changes in atomic struc-
ture during deformation and the exact nature of local atomic motion in deforming metallic glasses is
not fully resolved. Atomic-scale simulations play an important role in the study of the deformation
mechanism. Different explanations and models such as free volume model and STZ model have been
given for understanding the intrinsic ductility of some BMGs. Egami [302–304,340] attempted to de-
scribe the deformation of metallic glasses through local atomic rearrangements that result in different
coordination and leading eventually in local alteration of the elastic modulus of material. However,
the exact mechanism of the deformation of metallic glasses is still unclear.

For crystalline metals, the plastic flow and the glide of dislocations on close-packed planes tested at
low homologous temperature are controlled by G, and the brittle fracture which arises due to the dila-
tation cause by stress present near a crack/defect is controlled by K. It has long been known that in
polycrystalline metals the ratio of G to K, correlates with mechanical behavior. That is, high G/K favors
brittleness and vice versa [531–534]. The data on some polycrystalline pure metals provide a qualita-
tive ranking from ductile (e.g. Ag, Au, Cd, Cu) to brittle (e.g. Be, Ir) behavior as G/K increases [532]. Sim-
ilar studies on the relationship between Young’s modulus and the shear modulus or Poisson’s ratio for
cracked brittle materials have also been reported. A relation between E and m as a function of crack
density for materials containing large amount of cracks is derived [535,536]. The negative Poisson’s
ratio effects on natural layered ceramic have been investigated which show that the negative Poisson’s
ratio effect can yield very high energy absorption in a natural layered ceramics and increase the vol-
ume strain energy per unit volume by 1100% and, simultaneously, decrease the deformation strain en-
ergy per unit volume by about 44%. The negative Poisson’s ratio effect effectively enhances the
deformation capacity by about 1 order of magnitude in the tension of the natural layered ceramics
[536].

Therefore, the correlations established between plastic deformation and elastic constants could as-
sist in elucidating flow and fracture mechanisms, in understanding annealing-induced embrittlement
in metallic glasses, and in guiding alloy design to alleviate brittleness. The flow and fracture of metallic
glasses, in relation to elastic constants particularly G/K or Poisson’s ratio m, have been widely studied
because the Poisson’s ratio has been known to vary with the strength of intermolecular forces and the
chemical constituents of both a crystal and glass. Chen et al. first reported that ductile metallic glasses
tended to have a large Poisson’s ratio or lower G/K [111]. Recently, the remarkable relationship be-
tween toughness and G/K or m has been established in metallic glasses [56,319]. After then, the rela-
tionships between elastic moduli and toughness or compressive plasticity of metallic glass especially
in BMGs have been extensively studied [56,85,113,161,272,319–321,334,335,352,537–539]. The avail-
able data of toughness and elastic moduli of G/K or Poisson’s ratio for as-cast BMGs are collected in
Table 16. Because the metallic glasses under comparison have such a wide range of Young’s modulus
E, it is better to quantify their mechanical behavior in terms of the energy of fracture Gc. This is the
energy required to create two new fracture surfaces, and for ideally brittle materials is just 2c, where
c is the surface energy per unit area. Under plane strain, Gc ¼ K2

c=Eð1� m2Þ [544], where Kc is the stress
intensity (MPa m1/2) at fracture. Fig. 86 shows the relation between G/K and fracture energy Gc [319]. A
clear correlation between Gc and G/K or m can bee seen. With low values of G/K, the glasses based on Zr,
Cu or Pt all have fracture energies in excess of 1 kJ m�2, exhibit extensive shear banding, and have
vein-pattern fracture surfaces. With high G/K the Mg- and Fe-based metallic glasses approach the ideal
brittle behavior (G � 1 J m�2) associated with oxide glasses. The results indicate that the ratio of G/K,
correlates with mechanical behavior, e.g., the intrinsic plasticity or brittleness of metallic glasses cor-
relates with the ratio of G to K: high G/K favors brittleness and vice versa, and when the ratio G/K ex-
ceeds a critical value, the metallic glass is brittle. The correlation is the same as that found when
comparing different glasses, and the annealing-induced embrittlement also correlates with a critical
Please cite this article in press as: Wang WH. The elastic properties, elastic models and elastic perspectives of
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Table 16
The data of E, G/K, Poisson’s ratio m, the stress intensity Kc (MPa m1/2), and the energy of fracture, Gc on available BMGs.

Glassy systems E (GPa) G/K m Kc (MPa m1/2) Gc (kJ/m2) Refs.

Zr35Ti30Cu8.25Be26.75 86.9 0.285 0.37 85 96.1 [158]
Zr57Ti5Cu20Ni8Al10 82.0 0.303 0.362 80 68 [54,540]
Zr57Nb5Cu15.4Ni12.6Al10 87.3 0.297 0.365 27 7 [54,540]
Zr41Ti14Cu12.5Ni10Be22.5 101.3 0.324 0.353 86 72 [54,541]
Zr61Cu17.3Ni12.8Al7.9Sn1 77.4 0.274 0.374 46.2 44 This work
Zr61Cu16.3Ni12.8Al7.9Sn2 81.92 0.300 0.363 37.6 14.6 This work
Annealed 0.75 @ 623 K 101.6 0.329 0.351 68 40 [278,541]
Annealed 1.5 @ 623 K 101.6 0.329 0.351 42.5 16 [278,541]
Annealed 3 @ 623 K 107.5 0.339 0.347 27 6 [278,541]
Annealed 6 @ 623 K 111.4 0.368 0.336 32 8 [278,541]
Annealed 12 @ 623 K 113.3 0.376 0.333 9 0.6 [278,541]
Cu60Zr20Hf10Ti10 101.1 0.288 0.369 67 38 [54,542]
Ti40Zr25Cu12Ni3Be20 97.3 0.279 0.352 39.7 14.2 [545]
Ce70Al10Ni10Cu10 30.3 0.427 0.313 10 3 [54,319]
Dy40Y16Al24Co20 0.417 0.317 0.06 [506]
Mg65Cu25Tb10 51.3 0.439 0.309 2 0.07 [54,319]
Fe50Mn10Mo14Cr4C16B6 200.0 0.423 0.314 2 0.02 [320]
Fe48Cr15Mo14C15B6Er2 192 0.420 0.316 12.7 0.722 [320]
Pd77.5Cu6Si16.5 88.8 0.189 0.41 51 35 [54,543]
Fe80P13C7 137.3 0.214 0.4 77 60 [319,543]
Pt57.5Cu14.7Ni5.3P22.5 94.8 0.167 0.42 84 90 [113]
Pt74.7Cu1.5Ag0.3P18B4Si1.5 0.150 0.43 125 [113]
Pd79Ag3.5P6Si9.5Ge2 0.18 0.42 200 [671]
Fused silica 72.9 0.858 0.166 0.5 0.003 [54,319]
Window glass 67.2 0.716 0.211 0.2 0.004 [54,319]
Toughened glass 87.0 0.555 0.266 0.5 0.003 [54,319]
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Fig. 86. The correlation of fracture energy G with ratio G/K for all the collected data on metallic glasses (as-cast and annealed),
as well as for oxide glasses. The divide between the tough and brittle regimes is in the range mcrit � 0.32 [319].
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G/K of 0.41–0.43 [319]. The correlation can also be expressed in terms of the Poisson’s ratio m. Higher
values of m give higher fracture energy, and the transition between brittle and tough regimes being for
mcrit � 0.32. The larger the v is, the more ductile the BMGs become, and small variation of v will sig-
nificantly change the ductility. The toughness and Poisson’s ratio correlation is verified in more and
more metallic glass systems [56,85,113,161,282,319–321,334,335,352,537,538,545]. The correlation,
which is regarded as to be a reflection of the similarity in the deformation and fracture mechanisms
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between the various metallic glasses with marked differences in toughness, assists in understanding
the mechanisms of plastic flow and fracture in glassy systems.

The correlation between G/K (or v) and fracture energy is interpreted in terms of a competition be-
tween plastic flow and fracture [319] or in terms of a competition between shear and dilatation
[56,113]. A low value of G implies weak resistance to plastic deformation in shear, while a high value
of K implies strong resistance to the dilatation required for mode I crack propagation. And this would
make it more difficult to attain the critical shear displacement and thus explain the increased tough-
ness. For crystalline metals, the relationship between G/K and fracture can be explained quantitatively
in terms of plastic deformation processes near the crack tip [365], but no similar quantitative model
has been developed for metallic glasses yet. Still, the idea that a low value of G/K favors extension of
the shear bands over crack propagation has obvious intuitive appeal [370].

According to STZ model, the plastic flow of metallic glasses occurs through cooperative shearing of
unstable STZs activated by shear stress [514]. Recently, it is found that the measured STZ volumes of
the six BMG systems increase with Poisson’s ratio and BMG ductility, suggesting an intrinsic correla-
tion between ductility and the Poisson’s ratio [546]. Because an elastic strain of �2.0% is required for
the formation of an embryonic shear band in BMGs that consists of a local collection of STZs, a large
STZ volume, when compared with a small one, enables a smaller number of STZs to be activated for
the nucleation of a shear band in plastic yielding of metallic glasses. Hense, STZs with a large size rein-
force the shear capability of the metallic glass and promote the formation of multiple shear bands (or
increase the shear bands forming ability of a metallic glass), which concurs with the fact that a higher
Poisson’s ratio represents a higher possibility for the material to shear under applied stresses [546].

In metallic glasses, the nature of chemical bonds is linked with the Poisson ratio [302]. In particular,
low m values have been associated with a covalent-like contribution to the chemical bond, as expected
for metal–metalloid metallic glasses. Therefore, a more difficult movement among structural units and
a ‘‘rough’’ energy surface in energy landscape model are expected, and the plastic flow becomes dif-
ficult and the material shows a brittle behavior [56,302]. On the other hand, a higher Poisson ratio
is related to a more isotropic bonding behavior [302], so that plastic flow becomes easier and a more
‘flat’ energy landscape is expected.

Poon et al. [272] extended the toughness and Poisson’s ratio correlation to individual Fe- and Ti-
based BMGs via changes in alloy content which display crossover from brittle to ductile via controlling
Poisson’s ratio. They found that the compositional dependences of elastic moduli are anomalous con-
sidering the elastic moduli of the alloying elements, and the same critical value of v or G/K can be ob-
tained which corresponds well to the crossover from brittle to ductile of these BMGs. The result lends
support to the universal nature of the brittle-to-plastic transition for metallic glasses. The finding indi-
cates that the crossover from brittle to ductile at a critical v or G/K in some BMGs can be realized by
tuning their elastic properties. In Mg-based BMGs, a critical v is found to locate at the demarcation
separating brittle and ductile BMGs [423]. The elastic constants and plasticity change tendency upon
changing composition in (Cu50Zr50)100�xAlx (x = 0–8 at.%) BMGs have been studied [537] and the re-
sults show that the plasticity of the BMGs is sensitive to the change of Al content that can be well char-
acterized by the Poisson’s ratio. The v and plasticity have a homologous evolution with regard to the
adjustment of composition in the alloy are shown in Fig. 87. The plastic deformations with regard to Al
percentage composition in (Cu50Zr50)100�xAlx BMGs exhibits marked different and a maximum plastic-
ity of 16% is reached for (Cu50Zr50)105Al5, while (Cu50Zr50)92Al8 only has a disappointing plasticity of
less than 0.5% as shown in Fig. 87a. The distinct contrast implies the ductility of the BMGs is very sen-
sitive to the composition. Meanwhile, the Al composition dependence of v or G/K shows anomalous
considering the elastic moduli of the alloying elements as presented in Fig. 87b. It can be clearly seen
that v has a maximum around the composition of (Cu50Zr50)95Al5. Both Poisson’s ratio and plastic
strain have a similar change tendency upon the variation of Al content, and show the maximum peak
around the same composition of (Cu50Zr50)95Al5. The sample with the largest ductility of 16% plastic
strain has the largest Poisson’s ratio value of 0.372 in the BMGs. The similar variation tendency of plas-
tic strain and Poisson’s ratio to the change of Al content reveals that they are well correlated. The
change of the Al content leads to dramatically microstructural change in certain composition of the
CuZr-based BMGs, and furthermore, exquisitely adjusts the elastic properties of the BMGs. The
Please cite this article in press as: Wang WH. The elastic properties, elastic models and elastic perspectives of
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Fig. 87. The dependence of plastic strain (a) and Poisson’s ratio (b) on Al content for the (Cu50Zr50)100�xAlx BMGs [537].
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phenomenon may be due to the intrinsic structural characteristics of BMGs consisting of packed atom-
ic clusters [547–549].

The composition-related correlation between the Poisson’s ratio and plasticity implies ductile
BMGs could be obtained by appropriately adjustment of the compositions in known or unknown
BMG-forming alloys [85,550,551]. The subtle changes of the compositional dependent structure and
plasticity of the alloy has been found in ZrAlNiCu BMG-forming system [85]. Minor content deviation
drastically changes the plasticity of the ZrAlNiCu BMGs. The plastic BMGs were synthesized on the ba-
sis of the appropriate choice of composition by controlling Poisson’s ratio. The excellent plastic BMGs
with relative high Poisson’s ratio are found to possess microstructures composed of strongly bonded
hard regions surrounded by weakly bonded soft region. Such unique microstructures bestow the
BMGs ability to undergo true strain larger than 30% which could be obtained only at high temperature
previously [85]. The Poisson’s ratio is an indicator of the high concentration of the thermally unstable
free volumes in soft regions of the BMGs, due to the fact that Poisson’s ratio decreases with increasing
annealing temperatures (annihilation of more fraction of free volume annealed at higher tempera-
tures) [109]. Furthermore, it is self-evident that the concentrations of the free volumes play essential
role responsible for how much plasticity could be obtained in BMGs, because reduction of them would
decrease the plasticity and even induce severe embrittlement of BMGs [552]. On the other hand, the
increase of the open-volume would enhance ductility [553–555]. The findings are in support of uni-
versal critical Poisson’s ratio for plasticity in metallic glasses. The correlation between the Poisson’s
ratio and plasticity now has become a useful guideline for the development of plastic BMGs.
9.4. Correlation between elastic moduli and fracture

Bulk metallic glasses with disordered structures and unique mechanical behaviors exhibit much
different and intricate dynamic fracture corrugations. This diversity in patterns indicates that the
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fundamental mechanism that underpins the fracture properties of metallic glasses is of particularity as
compared with that of crystalline alloys [354,373–376]. Metallic glasses normally exhibit a macro-
scopic brittle fracture while plastic deformation ability only appears on the crack tip zone in micro
or even nano-scale, and their fracture behavior is dominated by shear band forming and propagating,
and the shear fracture along the shear band brings out an adiabatic heating generally resulting in vis-
cous layer on the fracture surface, in which any tiny change of the local crack-tip stress field should
more easily leave obvious markings on the fracture surface compared with brittle non-metallic
glasses. In addition, comparing with non-metallic glasses, the fracture surface features of conducting
brittle metallic glasses could be conveniently investigated on a nanometer scale by using high resolu-
tion scanning electron microscopy (HRSEM), providing more information at high spatial resolution
about crack propagation, which is very important for understanding the mechanism of the dynamic
fracture.

Recent experimental observations show that the fracture morphology of tough BMGs with high va-
lue of Poisson’s ratio are rough and with a deep vein morphology (or dimple), whereas the brittle
glasses with smaller Poisson’s ratio have very shallow (nanometer scale) vein patterns [354,373–
376]. SEM image of the fracture surface of BMGs with different values of toughness and Poisson’s ra-
tios shows the ‘dimple’ structure similar in shape but different in size as shown in Fig. 88. The brittle
BMG such as Mg-based BMG has a nanometer-scale ‘‘dimple’’ structure, while the tough Ti-based BMG
has dimple structure with size in micro scale [354]. From the available data, Fig. 89 exhibits a clear
correlation between the fracture toughness Kc and dimple size (corresponding to the plastic process
zone size) measured from fracture surface for various glasses with marked differences in toughness
Kc. This can also express a correlation between measured plastic zone size and the plane strain fracture
energy Gc [354]. The Gc is related to elastic moduli (Young’s modulus and Poisson’s ratio) of the BMGs
and can be calculated in plane strain state as: Gc ¼ K2

C

Eð1�mÞ2
. The important implication of the correlation

is that the fracture even in brittle metallic glassy materials proceeds through the local softening mech-
anism (similar to the tough metallic glasses) but at different length scales. Such observation could help
for understanding the plastic deformation mechanism and the correlation between the mechanical
properties and elastic moduli.

The typical vein size on the fracture surface (corresponding to the size of the plastic zone) for a
range of BMGs (the data are listed in Table 17) show a dependence of the Poisson ratio. From
Fig. 90 one can see a clear correlation between the plastic zone size and Poisson’s ratio and Depen-
dence of fracture energy GIC on typical vein size w on the same fracture surface for a range of BMGs.
There is critical value of m = 0.33 exists which divide the tough and brittle BMGs similar to that of
toughness and Poisson’s ratio correlation. This nanoscale plastic zone offers a natural ‘‘laboratory’’
for formation of metallic nanostructures. The extreme physical conditions inside the zone guarantee
the glassy state of the formed nanostructures [556,557]. Since the dimensions of the nanostructures
link to the size of the plastic zone w, and the value of w correlates to the Poisson’s ratio, the correla-
tions of w, mechanical behavior and v can assists in approximately controlling the size of the nano-
structures spontaneously formed by fracture of appropriate BMG systems through the different
sizes of the plastic zone.

The correlations of plastic zone size, mechanical behavior and v can also assist in understanding
flow and fracture mechanisms, and in guiding alloy design to alleviate the macroscopic brittleness
of metallic glasses. The observed effect of length scale could be especially important for lm- and
nm-scale fabrication of metallic glass structures such as manufacturing metallic glass foams by mod-
ulating wall thickness and other glassy nanostructures [556,557].

It has been suggested that metallic glasses follow the Mohr–Coulomb criterion [494,558], so that
the shear strength depends on a combination of tensile/compressive and shear stresses. In terms of
the Mohr circle, the friction coefficient is the slope of the tangent to the circles corresponding to
the tensile and compressive stresses. In addition, the friction coefficient has been suggested to be spe-
cific for each amorphous alloy [370]. The relationship between Poisson’s ratio and Mohr–Coulomb
friction coefficient in metallic glasses has been analyzed, and an increase of the friction coefficient
with increasing Poisson ratio has been foreseen, if the ratio between elastic strain under uniaxial
and shear stresses remains constant [559].
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Recently, nanoscale periodic striped patterns have been reported on fracture surfaces of metallic
glasses [373–376,557]. The formation of nanostripes is favored in brittle BMGs with low Poisson’ ratio
such as Mg-, Tb- and Fe-based BMGs, and their period value, ranging from �30 to �120 nm, depends
strongly on the specific materials and appears to be a characteristic length in fracture process. The ex-
tremely uniform nanostripes over a large area of �mm2, prepared by simply breaking BMGs at room
temperature. It is found that the characteristic stripe period (d) can be roughly estimated as:
Fig. 88.
BMG. (
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High magnification SEM image of the fracture surface; (a) nanometer-scale ‘‘dimple’’ structure of the brittle Mg-based
b) Ce-based BMG, (c) tough Ti-based BMG [354].
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Fig. 89. Fracture toughness or strength response to the plastic process zone size [354].

Table 17
The parameters of vein size (w) corresponding to the size of plastic zone, elastic modulus ratio (G/K), Poisson ratio (m) and fracture
energy (GIC) of a variety of typical BMGs [506].

BMGs w (lm) G/K m GIC (kJ m�2)

Dy40Y16Al24Co20 0.08 0.417 0.317 0.06
Mg65Cu25Tb10 0.1 0.439 0.309 0.07
La55Al25Cu10Ni5Co5 1 0.354 0.342 0.7
Pr60Al10Ni10Cu20 5 0.302 0.363 –
Ce70Al10Cu10Ni10 5 0.427 0.313 3
Zr57Cu15.4Ni12.6Al10Nb5 6 0.297 0.365 7
Ti40Zr25Ni3Cu12Be20 15 0.324 0.354 22.74
Cu60Zr20Hf10Ti10 35 0.288 0.369 38
Zr41.2Ti13.8Cu12.5Ni10Be22.5 60 0.324 0.353 72
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d ¼ a
v
G

ð9:4Þ
where v represents the surface tension of viscous materials, a is constant, and a � 2000. Stripes period
and features for Zr-, Cu-, Ni-, Mg-, Tb-, La- and Fe-based metallic glasses agree well with the theoret-
ical predictions. From Eq. (9.4) one can see that the formation and the characteristic stripe period are
mainly determined by two factors: surface tension of viscous liquid and shear modulus of the metallic
glasses.
10. The summary for elastic correlations

It is becoming clear that some features and properties of metallic glasses are correlated with elastic
moduli, and some correlations are remarkably well. These correlations can be simply illustrated in
Fig. 91. With more and more data are collected in future in metallic glass field, more correlations could
be established. The challenge now is to understand these correlations and experimental observations,
which may have common structural and physical origins. The understanding of these correlations is
helpful for developing new metallic glass compositions and new systems that combine desirable
GFA with excellent mechanical and physical properties, and permits more widespread, cost-effective
application of these paradigm-shifting materials in industries [560–564]. These correlations are also
useful for establishing the models which permit deep understanding of the puzzles in metallic glasses.
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Fig. 90. (a) The correlation between the plastic zone size and Poisson’s ratio for various BMGs. There is critical value of m = 0.33
exists which divide the tough and brittle BMGs similar to that our toughness and Poisson’s ratio correlation. (b) Dependence of
fracture energy GIC on typical vein size w on the same fracture surface for a range of BMGs.
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11. Searching metallic glasses based on elastic moduli criterion

To explore new alloys or compositions with excellent glass-forming ability, GFA, in a simple and
cheaper operation such as copper model casting is a major challenge in metallic glassy materials field
[54]. Quite a number of criteria based on thermodynamic quantities, kinetic constraints on crystal
nucleation and/or growth for the BMGs formation have been proposed to evaluate the GFA of alloys,
and these criteria have played important role in the exploration of novel compositions and systems of
metallic glasses. However, none of these criteria have been established to be sufficiently robust and
predictive to be considered as necessary and sufficient for bulk glass formation, and none of them
can be used to predict and control the properties of the formed metallic glasses, and the development
of new metallic glass in practice has always been tedious trial-and error task of synthesizing new
metallic glasses whether the resulting glass has excellent GFA or would turn out to be excellent in
some properties.
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Fig. 91. Schematic diagram to show the correlations between the elastic moduli and glass formation, structure and properties
of the metallic glasses
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The striking systematic correlations among elastic constants, mechanical properties, GFA, and the
glass transition of the metallic glasses open up the possibility of developing BMGs on the basis of their
elastic moduli correlations. On the other hand, the elastic moduli of a BMG can be improved or tailored
by proper selection of main components or adding minor elements with suitable elastic moduli, and
the controlled elastic moduli of the alloy, in turn, can tailor the formation and properties of the BMGs.

The glass formation from solidification of liquid can be treated as the change of their different con-
figurations or flow, or the markedly slow down of the flow. The flow can be modeled as activated hop-
ping between their different configurations across energy barriers. The energy barriers of the flow or
the viscosity of the metallic glass-forming liquids correlate well with instantaneous elastic moduli
[36]. So, from physics point of view, on one hand, these correlations confirm that elastic moduli are
the key physical quantity controlling the main properties of supercooled liquids and glasses; on the
other hand, they indicate that it is reasonable to understand or predict glass formation based on
the elastic moduli.

The elastic moduli criterion for metallic glass formation can be described as following: The elastic
moduli M correlate with glass formation, thermal stability, and mechanical and some physical prop-
erties of metallic glasses. Furthermore, the M can be estimated from the elastic constants Mi of the
constituent elements. This means that glass formation and some properties of a BMG depend strongly
on the elastic moduli of its components especially the base component. Therefore, the glass formation
and some features and properties such as mechanical properties of a glass-forming alloy can be pre-
dicted by its elastic moduli through selection of components with suitable elastic moduli. Thai is, the
established elastic moduli and GFA correlations, since the moduli of glasses scale with those of their
elemental components, provide guidelines for the development of BMGs with desirable properties by
selection of components with suitable elastic moduli. As a compensative criterion to the existing
empirical criteria [371], the elastic moduli criterion can efficiently improve the BMG searches espe-
cially for searching properties controllable BMGs rather than the trial-and-error method.

For example, to get a BMG with larger Poisson’s ratio (E or G or K), one can choose the main com-
ponents with high Poisson’s ratio (E or G or K). Alternatively, one can increase the fraction of the
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component with high Poisson’s ratio (E or G or K). For a give alloy system, lower Poisson’s ratio could
have higher GFA. Therefore, one can, combining the consideration of the thermodynamic BMG-form-
ing criteria (such as Trg = Tg/Tl, and large supercooled liquid region), improve the GFA of the alloy by
decreasing the m of the alloy through addition or substitution of elements with low Poisson’s ratio.
These correlations are particularly useful for improving or tailoring the properties of the glass by prop-
er selection of base element or adding component with suitable elastic moduli. For instance, to im-
prove the plasticity in a BMG-forming system, one can increase m of the alloy by addition of
elements with high Poisson’s ratio. To search BMG with high strength, one can choose the base and
main constitute components with high Young’s modulus. Fig. 92 schematically illustrates the
improvement and tailoring the formation and properties of the metallic glasses by proper selection
or adding component with suitable elastic moduli.

A series of new rare-earth (RE) based BMGs with desirable properties is formed based on the elastic
criterion [56,135,332,333]. This is case for the application of the elastic moduli criterion. The RE ele-
ments were chosen because of their chemical comparability, fantastic physical and chemical proper-
ties, which come from the unique configuration of unpaired 4f and 5f electrons, and well-regulated
changing atomic size, density and elastic constants (as shown in Table 2). The RE-based BMGs show
various GFA, and the size of the resultant glasses changes from thin ribbon to bulk form. Therefore,
if a series of RE-based BMGs with the same or similar composition can be synthesized, they are a po-
tential model system for investigating the relations between the GFA and some physical parameters
and the relationship between the GFA and properties including thermal stability, fragility, elastic
and mechanical properties. Based on the elastic moduli criteria, to develop RE-based BMG with higher
thermal stability and elastic moduli, the BMGs based on Er, Sc, Tm, Yb and Lu were developed. In the
RE family, Sc, Er, Tm, and Lu have higher elastic moduli (e.g. for Er: E = 70 GPa, K = 44 GPa, and
G = 28 GPa; For Tm: E = 74 GPa, K = 45 GPa, and G = 31 GPa [565,566]). To fabricate the Er-based
BMG with superior GFA for example, the Er–Co alloy is firstly prepared because of the large negative
enthalpy of formation between them (��40 kJ/mole) [567,568]. With the addition of Al and Y (minor
addition of some rare earth and transition metals have been found to be very effective for improving
the GFA of the BMG-forming alloys [58]), the GFA of the Er–Co alloy can be greatly improved and the
new family of Er-based BMGs has been developed. Using the similar way, the Sc-, Tm, and Lu-based
BMGs with high elastic moduli, high thermal stability and strength and hardness have been developed
Elastic moduli 
of components 

Elastic moduli 
of BMG 

Glass-forming 
ability

Properties 

Fig. 92. Schematic show of the elastic moduli criterion for glass formation and properties controlling. The illustration shows
how the formation and properties of the bulk metallic glasses can be improved or tailored by proper selection or adding
component with suitable elastic moduli (Mi). The choose of components with suitable elastic moduli can control the elastic
moduli of a BMG and then control the GFA and some properties of BMG based on the correlation between elastic moduli and
GFA and properties.
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Table 18
The elastic constants, Tg, Tx, Tl, and Trg = Tg/Tl for the RE-based BMGs. dc is critical dimension of the BMGs. (The thermal parameters
were determined by DSC with a heating rate of 10 K/min.)

BMG Tg (K) Tx (K) Tl (K) Trg dc (mm) E (GPa) G (GPa) K (GPa) m

Sc36 Al24Co20Y20 662 760 1048 0.63 3 85.2 32.3 77.5 0.317
Lu39 Y16Al25Co20 687 769 1117 0.61 5 78.9 30.0 71.3 0.316
Tm39Y16Al25Co20 664 735 1140 0.58 3 75.0 29.4 55.3 0.274
Er50Al24Co20Y6 651 702 1079 0.60 8 71.1 27.0 65.1 0.318
Ho35Y21Al24Co20 644 696 1074 0.63 5 69.1 26.2 63.6 0.319
Dy46Al24Co18Fe2Y10 627 677 1023 0.63 5 64.2 24.4 58.5 0.317
Tb36Y20Al24Co20 619 686 1021 0.62 5 63.6 24.0 60.5 0.325
Gd36Al24Co20Y20 603 658 1048 0.60 3 62.2 23.6 57.4 0.319
Sm40Y15Al25Co20 590 657 950 0.66 3 57.1 21.5 54.7 0.326
Nd60Fe20Co10Al10 485 615 815 0.59 5 54.1 20.7 54.1 0.317
Pr60Al10Ni10Cu20 417 452 806 0.51 5 37.2 13.6 45.2 0.363
La66Al14Cu10Ni10 395 449 731 0.54 5 35.7 13.4 34.9 0.330
Yb62.5Zn15Mg17.5Cu5 381 401 645 0.59 4 26.5 10.4 19.8 0.276
Ce68Al10Cu20Fe2 352 423 708 0.50 5 30.8 11.8 31.0 0.313
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Fig. 93. The dependence of E on Tg and Tx for typical RE-based BMGs [118].
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[56,118,119,135,332,333,569,570]. Table 18 lists the thermal parameters and elastic properties of a
series of RE-based BMGs (RE = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu and Sc). Fig. 93 exhibits
the comparison of E, Tg and Tx of the BMGs based on RE in lanthanide family (except main component,
the other compositions are different slightly). These RE-based BMGs show clear correlations between
the Tg (or Tx) and elastic moduli, and the Tm and Lu-based BMGs have largest elastic moduli among the
RE-based BMGs. Fig. 94a and b shows the correlation between Tg and Tx with moduli of K, G and E of
these RE-based BMGs [135]. The BMGs with heavy RE (have high moduli) have much higher Tg, Tx, and
Tl compared to those of the light RE-based BMGs. The Ce-based BMG has the lowest Tg, and Tx (359 and
377 K, respectively), yet Sc-based BMG exhibits the highest Tg, and Tx (662 and 760 K) as well as the
largest supercooled liquid region DT = 98 K. The linearly increase trend of Tg and Tx with increasing
elastic moduli indicating a clear correlations between the thermal stability of the BMG with their elas-
tic moduli, and the RE-based BMGs formation and properties could be tailorable through selecting
proper main component with suitable elastic constants. Interestingly, it is found that RE55Al25Co20
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(RE = Y, Ce, La, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, and Lu) with same composition can be cast into BMG.
These BMGs show regularly increasing of thermal stability, with the increase of elastic constants of the
base RE elements [332]. As shown in Table 19, the RE55Al25Co20 BMGs, with the broad values of Tg

ranging from low temperature [La55Al25Co20 alloy has the lowest Tg (477 K), which is close to room
temperature] to high temperature (Lu55Al25Co20 has the highest Tg (701 K), which is close to those
of Zr- and Fe-based BMGs [52]). The value of Tg increases gradually with the increasing of elastic mod-
uli of the RE element. In addition, the Tx, and Tl have also similar changing trend in these BMGs. The
thermal stability of the RE55Al25Co20 BMGs can be tailored via the substitution of the base RE constit-
uent with different elastic moduli. The values of q, E, G, K, and hD of the BMGs also increase with
increasing atomic number of RE element (or the increasing elastic moduli of the RE element) and there
are exist the correlation between Tg and elastic constants and hD as shown in Figs. 95 and 96 [138]. For
the RE55Al25Co20 BMGs, the values of 1000 Tg=Ah2

D are between 0.130 and 0.153 further confirming the
correlation between Tg and hD.
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Fig. 94. (a) The relationship between the Tg and E, G, K of various RE-based BMGs. (b) The relationship between the Tx and E, G, K
of the RE-based BMGs.
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Table 19
The composition of RE55Al25Co20 BMGs, their Tg and Tx, liquidus temperature Tl, and glass-forming ability represented by a reduced
glass transition temperature Trg, DT = Tx � Tg, critical diameter dc (the thermal parameters were obtained by DSC with a heating
rate: 10 K/min), and their density q, elastic constants (E, G, Poisson ratio and K) [138,332].

Composition dc (mm) Tg (K) Tx (K) Tl (K) DT (K) Trg (K) q (g/cm2) E (GPa) G (GPa) K (GPa) m

Y55Al25Co20 2 633 694 1060 61 0.597 4.683 – – – –
La55Al25Co20 5 477 540 771 63 0.619 5.802 40.90 15.42 39.34 0.327
Ce55Al25Co20 1 – 538 800 – – – – – – –
Pr55Al25Co20 5 509 585 826 76 0.616 6.373 45.90 17.35 43.48 0.324
Nd55Al25Co22 2 525 593 859 68 0.611 6.584 – – – –
Sm55Al25Co20 1 529 555 885 26 0.598 6.584 – – – –
Gd55Al25Co20 2 585 657 971 72 0.602 7.343 – – – –
Tb55Al25Co20 3 612 674 1001 62 0.611 7.488 59.53 22.85 50.19 0.302
Dy55Al25Co20 3 635 708 1031 73 0.616 7.560 61.36 23.52 52.22 0.304
Ho55Al25Co20 3 649 707 1055 58 0.615 7.888 66.64 25.42 58.81 0.311
Er55Al25Co20 5 663 722 1079 59 0.628 8.157 70.72 27.08 60.70 0.306
Tm55Al25Co20 3 678 733 1180 55 0.574 8.274 72.2 27.6 62.0 0.306
Lu55Al25Co20 3 701 781 1167 80 0.608 8.694 80.0 30.6 69.2 0.307
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Fig. 95. The correlation between Tg and Debye temperature hD for RE55Al25Co20 BMGs [138].
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The correlation between plasticity and Poisson’s ratio has been used as a guideline for the devel-
opment of plastic BMGs by appropriate choice of composition with v control strategy [85,113,537].
Acoustic measurements show that some BMGs such as Zr61.88Cu18Ni10.12Al10, Zr64.13Cu15.75Ni10.12Al10

and Zr62Cu15.5Ni12.5Al10 among a class of quaternary ZrCuNiAl BMGs exhibit larger Poisson’s ratio rel-
ative to that of other BMGs, and exhibit super large plasticity [85]. As results of such heavily deforma-
tion, the BMG rods were compressed into flakes without fracture, implying high flowability of the
BMGs. Moreover, the BMGs could be bended into desired shapes as could be done with familiar flex-
ible metals such as aluminum and copper. The maximum bended angle approaches 90� in both rods
and plates. The extended plasticity of the BMGs is susceptive to the composition. Minor content devi-
ation (<1 at.%) can drastically change the plasticity of the BMGs. The results indicate that even in the
reported BMG systems, extraordinarily plastic BMGs are highly possible to be obtained by appropriate
choice of the composition utilizing the correlation between Poisson’s ratio and plasticity. The strategy
would provide useful guidelines for the development of plastic BMGs as high-performance structural
materials in other known or unknown BMG-forming alloys, and open up a research area of both fun-
damental and applied importance [85].

Based on the correlation between Tg and elastic moduli, a new class of CaLiMgZn metallic glasses in
bulk form which combine multiple superior properties and high stability at room temperature and
polymer-like thermoplastic formability and manufacturability near ambient temperature (such as
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in hot water) was developed [237]. The CaLi-based BMGs consist of the cheaper main components of
Ca, Mg and Li, and simultaneously offer the excellent glass-forming ability, exceptionally low glass
transition temperature (�35–60 �C) approaching room temperature, the ultralow elastic moduli
(�23 GPa) comparable to that of human bones, high elasticity (2%) and strength, ultralow density
(<2 g/cm3), exceptional thermodynamic and kinetic stability, strong liquid fragility similar to that of
oxide glasses, ultrahigh specific strength and lower electrical resistivity at room temperature, and
superplasticity and polymer-like thermoplastic formability near room temperature. The highly unu-
sual metallic glasses could have potential in structural and functional applications and facilitate stud-
ies of the nature of glasses [237]. The desirable and unusual properties combination of the CaLi-based
BMGs are attributed to that Li element has the lowest elastic moduli (4.9 GPa) and density (0.525 g/
cm3) among the metal elements according to elastic moduli correlations. The Li element content
can effectively modulate the properties of CaLi-BMGs. The Tg decreases monotonically with the in-
crease of the content of Li element, and the other properties of CaLi-based BMGs, such as elastic mod-
uli and density, can also be controlled by Li content. The work is another example for the designing
new metallic glasses with good combinations of properties by selection of components with suitable
elastic moduli according to the elastic moduli correlations. A series of BMGs such as Sr-, Ta-, Zn-based
BMGs have also been developed based on the elastic criterion [173,333].
12. Elastic models of supercooled liquids and metallic glasses

In order to describe and understand the liquids and glasses, the choice of the key concepts or
parameters that connect atomic structure with the properties is critical. The striking systematic cor-
relations between linear elastic constants and various properties and features of metallic glasses imply
that the metallic glasses may exhibit universal behaviors based on several measurable parameters of
elastic constants. The elastic moduli could be key parameters for prediction of physically relevant fea-
tures of metallic glasses and could also assist in the possibly definition of a common concept and mod-
el for the long-standing issues of glass formation and nature. The next two sections will introduce the
elastic models for the glass-forming liquids and metallic glasses, and suggest elastic moduli perspec-
tives of the metallic glasses based on these observed experimental correlations, observations and elas-
tic models.

Glasses are liquids that have become frozen in time and space, and the molecules or atoms in a
glass are arranged much like those in liquid but are more tightly and densely packed. The transition
of a liquid into a glass by lowering temperature or by applying stress may appear conceptually simple.
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In some cases, a flowing state can be restored by exceeding a threshold of external force, such a force
seemingly creates a glass (jamming) [571,572], and the glass formation is not just rapid cool any more.
However, some simple phenomenon and questions, such as where and why the liquid end and glass
begin, and the physical principles governing these various frozen fluids, has turned out to be one of
most difficult and controversial problems [573–576]. Therefore, the nature of glass and the formation
mechanism of the glass were listed as one of 125 future important scientific issues by special selection
of Science [576]. The central problems in glass physics is to explain the dramatic temperature depen-
dent relaxation time of liquid or dramatic viscosity increases when the liquid approaches Tg, and the
flow mechanism of glasses when temperature or stress are applied to them [79,437]. To understand
the glassy nature and glass formation, it is necessary to study supercooled liquid because glasses
are formed from viscous liquids and then the properties and features of glasses inherited from liquids.

As early as 1867, Maxwell suggested that on a sufficiently short time scale any liquid is elastic and
behaves like a solid [577], and the liquid is solidlike on time scale much shorter than relaxation time
sR. Maxwell is the first to correlate the elastic modulus to liquid, and he proposed a relation between
the relaxation time and viscosity g of a liquid as:
Please
metal
sR ¼ g=G1 ð12:1Þ
The Maxwell relation also provides the implication to understand the glass and glass transition. The
value of G1 is in the range of 1–10 GPa, g � 1013 Pa s around Tg, so the Maxwell relaxation time (or
a relaxation time), sR, is of order 100–1000 s. The sR and g are roughly proportional since G1 is much
less temperature dependent than sR and g.

The glass-former liquids exhibit universal features which relate to the temperature dependence of
the viscosity. When the glass transition happens the molecular or atom motion virtually ceases and
the viscosity of liquid becomes extremely large (�1013 Pa s). The so-called ‘‘Angell plot’’ [437,578]
exhibits the logarithm of the viscosity for a variety of viscous liquids (including non-metallic and
metallic glasses) as a function of inverse temperature normalized to unity at Tg, which can describe
the universal features which relate to the temperature dependence of the viscosity. Because it would
be easy to understand a viscosity with Arrhenius temperature dependence, it is generally assumed
that dynamics is dominated by barriers to be overcome by thermal fluctuations, and the T dependence
of g can be expressed as [579]:
g ¼ g0
DE
kBT

� �
ð12:2Þ
where g0 � 10�3 Pa s is prefactor. This is referred to as Arrhenius temperature dependence by refer-
ence to rate theory which discovered that chemical reaction times usually follow this law [580]. It
is found that vast majority of viscous liquids show a stronger than the Arrhenius increase of the vis-
cosity upon cooling toward the glass transition, and only few liquids, e.g. pure silica SiO2 and GeO2,
follow the Arrhenius law. Therefore, the activation energy in the Arrhenius expression must be tem-
perature dependent:
g ¼ g0
DEðTÞ

kBT

� �
ð12:3Þ
The non-Arrhenius temperature dependence of the Maxwell relaxation time or viscosity can be
characterized by the concept of fragility m [240,581–584]. If the glass transition temperature is de-
fined by s(Tg) = 103 s, from Eq. (12.3), the Arrhenius behavior is then characterized by m = 16.

Many models have been proposed to understand why glass-forming liquids are non-Arrhenius [79].
The well-known models are the free volume model [585–587], the Adam–Gibbs entropy model
[588,589], the energy landscape approach [35,295], the mode-coupling theory [590,591], and the elas-
tic models. A successful model of viscous liquids must explain why the activation energy has such
strong temperature dependence and can correlate the activation energy to simple and readily measur-
able parameters. The free volume model and the Adam–Gibbs entropy model link the activation en-
ergy to a macroscopic observable of volume and entropy. While the elastic models link the
activation energy to the readily measurable instantaneous elastic moduli [79,592–595].
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12.1. Elastic models for glass-forming supercooled liquids

The difference between solids and fluids can be defined by a nondimensional number of D, which is
the so-called Deborah number (named after the Biblical prophetess of Deborah, who said that the
mountains flow before the lord) [596]:
Please
metal
D ¼ tr=to ð12:4Þ
where tr is the time of relaxation, and to is the time of observation. If your observation time is very
large, or conversely, if the tr is very small, you see the material flowing. On the other hand, if tr of a
material is much larger than your to, the material, for practical purposes, is a solid. The elastic model
is based on the assumption that a viscous liquids can be viewed as ‘‘solid which flow’’ in enough short
time scale. That is: Viscous liquid � solid which flow [79]. This means that any liquid is solidlike when
it is probed on a sufficiently short time scale, and its short time elastic properties are characterized by
the instantaneous elastic moduli of G1, E1, and K1. Actually, a glass is different from a liquid by virtue
of its ability to support shear stress, and a forced solid flows by sudden, rare and localized atomic or
molecular rearrangements. The barrier transition for a ‘‘flow event’’ or the height of the activation en-
ergy for flow (an atomic or molecular rearrangement) can be determined by short-time elastic prop-
erties which characterized by instantaneous moduli. In other words, the dramatically increase of the
viscosity is due to the increase of the range of elastic interaction between local relaxation events in
glass-forming liquids. All the present elastic models are set up along this idea [79].

Tobolsky, Powell, and Eyring are the first to suggest that the flow activation energy of supercooled
liquids be determined by the instantaneous elastic properties [594]. They proposed, based on the har-
monic approximation, that the activation energy can be expressed as [597]:
DE / kBT
a2

hx2i

� �
ð12:5Þ
where hx2i is the vibrational mean-square displacement depending on temperature, and for a har-
monic system, hx2i / T, a is the average intermolecular distance. From Eq. (12.5), one can see that
DE is temperature independent. However, for most glass-forming liquids hx2i decreases faster than
temperature upon cooling, resulting in the increase of DE upon cooling. They then further reasoned
that the relevant potential is that resisting shear deformation, indicating that DE / G1 [594], and
the final relation is obtained:
DE ¼ ka3G1 ð12:6Þ
where k(�1) is constant. G1 is much more temperature dependent in viscous liquids than in glasses.
Mooney [598] and Bueche [599] assumed that a ‘‘liquid flow’’ comes about when thermal fluctua-

tions generate a local expansion exceeding a certain critical values, and the probability of this happen-
ing is determined by the short-time elastic properties of the liquid, and their calculation leads to
DE ¼ kMv2
l ð12:7Þ
where k (�1) is constant and M the molecular mass, vl is the longitudinal sound velocity.
Based on the Maxwell relation, Nemilov derived the relation between DE and G1 as [600]:
DE ¼ ka3G1 ð12:8Þ
where k (�1) and a are constant.
Dyre proposed a so-called shoving model based on following three assumptions [79,601–603]: (1)

The activation energy DE for flow is mainly elastic energy and is determined by the work done to
shove aside the surrounding; (2) The elastic energy is mainly located in the surroundings of the flow
event; and (3) The elastic energy is mainly shear elastic energy. The basic picture of the model is the
same as that of the free volume model, namely that extra volume is needed for a flow event to occur.
The instantaneous shear modulus G1 determines the shoving work, and the final expression for the
temperature dependent activation energy is [79]:
DE ¼ VcG1ðTÞ ð12:9Þ
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where Vc is a characteristic microscopic volume which is temperature independent. G1(T) in glass-
forming liquid is much more temperature-dependent than in glasses. The elastic models offer a simple
and effective scenario for explaining the phenomena in glass transition and glass formation, and the
correlations between elastic moduli and properties.

12.2. Elastic models for metallic glasses

The forced flow by sudden, rare and localized atomic rearrangements in metallic glass is different
from the flow of its liquid, and it is localized, non-Newtonion inhomogeneous flow [513,514]. While
the activation energy barrier for a ‘‘flow event’’ (an atomic or molecular rearrangement) is also a key
for understanding the deformation and mechanical properties of the metallic glasses. Several phenom-
enological models have been proposed to explain inhomogeneous flow or non-Newtonian flow in
metallic glasses, and most of them are based on two hypothetical flow mechanisms: dilatation
[513] and cooperative shear [514]. The related models can be classified into two categories: free vol-
ume model [513,604,605] and shear transformation zone model, STZ [514,606–610]. By drawing an
analogy between glassy and granular materials, the free volume proposes that the deformation of
metallic glasses is accommodated by the creation of microstructural free volume via flow-induced
dilatation [513]. There are some evidences of deformation-induced dilatation provided by experimen-
tal assessment of excess molar volume by positron annihilation spectroscopy and X-ray synchrotron
radiation [610,611] and simulation [612]. The model has been widely and successfully used in metallic
glass studies to effectively replicate and simulate their flow characteristics. However, it has not been
possible to quantitatively link measurable free volume to flow as predicted from free volume models.
This is due to the lack of a fundamental definition of free volume, leading to constitutive models that
possibly lack thermodynamic consistency [82,223,558,613–616]. The cooperative shear theory or the
concept of STZs proposed that the deformation of metallic glasses is accommodated by plastic rear-
rangements of atomic regions that involve tens of atoms [516]. Experimental evidence
[82,220,613,614] shows that the STZ hypothesis is consistent with the classical thermodynamic the-
ories of liquids and glasses based on the concept of potential energy landscapes, PEL. A theory for
aging of metallic glasses based on DE / G had ever been proposed to explain the observation that dur-
ing aging the effective glass viscosity increases as a linear function of time [584].

According to the framework of the PEL theory [33–35,295], the energetic landscape of a glass-form-
ing liquid system comprises a population of inherent states associated with local minima (basins) cor-
responding to the stable configurational states are separated by saddle points (or energy barriers). The
liquid alloy is supposed to locate at local minima (or inherent state) in PEL, and the flow event or the
configurational hopping is the process that the system escapes from one local minimum to another or
the disappearance of barrier between neighbor local minima. Johnson and Samwer [82] regarded the
flow in metallic glass as an activated hopping between inherent states across energy barrier D E, and
merged the PEL picture with STZ concept. By assuming the average potential energy vs. shear strain in
the vicinity of a basin to be a sinusoid, as employed by Frenkel [615] to calculate the theoretical shear
strength of a dislocation-free crystal, Johnson and Samwer set up the cooperative shear model (CSM)
[82,223], which gives rise to a relation between viscosity and isocofigurational shear moduli. The
model together with others work [606–609,614] provides effective interpretation of plastic flow in
metallic glasses well below Tg.

For various BMGs, the yielding at room temperature can be described by a critical shear strain
cc(cc = 0.0267) [82]. The yield shear stress sy = ccG, and the yield stress ry = 0.02E [56] and sy = ry/2
[82]. The Johnson and Samwer model based on the assumption that the energetics within an individ-
ual STZ under applied shear stress can be described by PEL. Following Frenkel theory, the elastic en-
ergy of an STZ can be described by a periodic elastic energy density / to the shear strain coordinate c
and assume that the / vs. c in the vicinity of a basin to be a sinusoid [615]:
Please
metal
/ðcÞ ¼ /0 sin2ðpc=4ccÞ ð12:10Þ
where /0 is a total barrier energy density and 4cc is the average configurational spacing. The shear
modulus G of a STZ is:
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G ¼ d2/=dc2jc¼0 ¼
p2/0

8c2
c

ð12:11Þ
This leads to the linear relationship between G and barrier energy density as
/0 ¼
8
p2 c2

c G ð12:12Þ
For an effective STZ with volume X, the total energy barrier for configurational hopping between
inherent states or the activation barrier for shear flow can be expressed as [82]:
DE ¼ 8
p2 c2

c GX ð12:13Þ
The barrier at finite s approaches zero as s ? sc. That is, the activation energy goes to zero at a crit-
ical stress sc, or sc = /0jmax = p/0/4cc. Eq. (12.3) then can be rewritten as: DE /G (s � sc)3/2. This is the
Johnson–Samwer elastic model for plastic yielding or flow of metallic glasses where the activation en-
ergy for a STZ depends on the shear modulus. The results confirm that the basic idea of the activation
energy is proportional to an elastic modulus can also be applied to describe glasses below Tg.

The Johnson–Samwer model predicts the yield criterion and its dependence on temperature in the
BMGs, and leads to natural expressions for the Newtonian and Non-Newtonian viscosity law for the
BMGs, as well as the fragility of the BMG-forming liquids [223]. For example, it is verified that the vis-
cosity has a unique functional relationship and a one to one correspondence with the shear modulus
over a broad range of eheological behavior even in glassy state. That is, the variation in viscosity can be
correlated uniquely to variations in G as:
G
G0
¼ kT

DE0
ln

g
g1

� �� �q

ð12:14Þ
where DE0 ¼ 8
p2 c2

c G0X0; q is indices quantifying the contributions of G and X to the change of activa-
tion energy. This g and G relationship indicates that the flow in metallic glass induced by either ther-
mal excitation (e.g. by varying temperature) or mechanical deformation (by varying strain rate) is
governed by the dependence of isoconfigurational shear modulus on configurational potential energy
of corresponding the inherent state. The model is found to be in agreement with a variety of experi-
mental observations [56,82,223].

12.3. Extended elastic model for flow in metallic glass-forming liquids and glasses

The extended elastic model of metallic glasses and metallic glass-forming liquids based on several
assumptions [616,617]:

(1) Metallic glasses are frozen liquids and their atoms or clusters are arranged much like those in
their melt but are more tightly, densely packed and much more viscous; It is well accepted that
even below the conventional elastic limit, the metallic glasses show nonelastic rheological
response under constant load. In accordance with the properties, the metallic glasses can be
characterized as highly viscousic.

(2) On the other hand, a viscous metallic liquid can be viewed as solid which flow in enough short
time scale. That is any liquid is solid-like when probed on a sufficiently short time scale, and its
short time elastic properties can be characterized by the instantaneous elastic moduli of G1, E1,
and K1.;

(3) For the metallic glasses, the glass formation, glass transition, relaxation, and plastic deformation
can be regarded as different elementary flow events activated by different processes such as
thermal process or mechanical process, and the flow event is governed by the activation energy;
The barrier transition for a ‘‘flow event’’ or the height of the activation energy for flow (atomic
or molecular rearrangement) is due to the increase of the elastic interaction in local relaxation
events in glass-forming liquids. The MG-forming liquids can be characterized by the instanta-
neous elastic moduli of G1, E1, and K1. In the perspective of the potential energy landscape
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(PEL) theory, the flow event or the configurational hopping in BMGs or BMG-forming liquids is
the process that the system escapes from one local minimum to another (an activated hopping
between inherent states across energy barrier DE) or the disappearance of barrier between
neighbor local minima. Fig. 97 schematically illustrates the flow based on the concept of PEL.
There are two flow modes: the b-mode is the stochastically and reversible activated hopping
events across ‘‘subbasins’’ confined within the inherent ‘‘megabasin’’ (intrabasin hopping) and
the a-mode is irreversible hopping events extending across different megabasins (interbasin
hopping).

(4) Extensive experimental evidence show that the flow viscosity of metallic glass-forming liquids

follows the general Arrhenius equation: gðTÞ ¼ g0
DEðTÞ
kBT

� �
. The activation energy DE for the flow

events both in liquid state and glass is temperature dependent. According to the definition of
glass transition temperature, at Tg, g(Tg) = 1013 Pa s. We note that the definition g(Tg) = 1013

poise is widely accepted in this community and have been confirmed by experiments (for
review see: [79,437,477]). For metallic glasses, it is a constant with minor and neglectable vari-

ations. From gðTgÞ ¼ g0
DEðTÞ
kBTg

� �
¼ 1013 Pa s, one can see that DE(Tg)/kBTg is a universal constant at

Tg for all metallic glasses.

We define the activation energy of a unit volume as the activation energy density (qE) [616–618]:
Fig. 97.
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qE ¼
DE
Vm

ð12:15Þ
The definition of activation energy density can role out the vague characteristic volume involved in
both homogeneous and inhomogeneous flow and directly relates the flow activation event to the elas-
tic moduli [600,616–618].

We estimate the energy barrier between two potential energy minima from the curvature around
the minima [617,618]. Consider the one-dimensional PEL with two minima separated the distance 2c0

as shown in Fig. 98. The two thin curves give the potential estimated by second-order expansions
around the minima, and the barrier height is estimated by extrapolating from the minima. The esti-
mated barriers are clearly larger than the actual barriers as shown in Fig. 98, but the estimated and
actual barriers are proportional. The activation energy DE for flow in BMGs or in MG-forming liquids
is assumed to be mainly elastic energy. Then, in the energy landscape perspective, the activation en-
ergy density of flow can be expressed in a harmonic form qE ¼ 1

2 Mc2 using second order Taylor expan-
sion around the minima [619], where M is the elastic moduli, and c is the elastic strain. According to
the equipartition law of statistical mechanics: 1

2 Mhc2i / 1
2 kBT=Vm, suggesting hc2i / kBT/MVm.
β

α

Canonical coordinate

α-mode

β-mode

Po
te

nt
ia

l e
ne

rg
y

A schematically illustration of flow and its corresponding origination of potential energy landscapes. There are two
f flow modes: the b-mode is the stochastically and reversible activated hopping events across ‘‘subbasins’’ confined
the inherent ‘‘megabasin’’ (intrabasin hopping) and the a mode is irreversible hopping events extending across different
pe megabasins (interbasin hopping).
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Assuming the distance r0 between the minima is constant, then, qE ¼ 1
2 Mc2

0 ¼ 1
2

kBT
hc2iVm

c2
0, or qE /

kBTm=Vm
hc2i .

Because the atoms release three degrees of freedom around glass transition in BMGs, one gets
hc2i ¼ kBT

VmMx
þ kBT

VmMy
þ kBT

VmMz
, where x, y, z represent the three directions in Cartesian coordinate, and Mx,

My, and Mz are the corresponding elastic moduli. For isotropic metallic glasses, they represent two
shear modulus and one longitudinal modulus, as Mx ¼ My ¼ qv2

s and Mz ¼ qv2
l ¼ K þ 4G=3, where q

is the mass density, and vs and vl are the shear and longitudinal sound velocities, respectively. Then,
one gets,
Fig. 98
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hc2i / 2kBT=Vm

qv2
s
þ kBT=Vm

qv2
l

¼ 2kBT=Vm

G
þ kBT=Vm

K þ 4G=3
ð12:16Þ
And then, one obtains:
qE /
GðK þ 4G=3Þ
2K þ 11G=3

ð12:17Þ
The linear contribution of G and K can be estimated by defining the temperature dependency of
qE; I ¼ d lnqEðTÞ

d ln T [619]. That is:
I ¼ 1� KG

2K2 þ 19
3 KGþ 44

9 G2

 !
� IG þ

KG

2K2 þ 19
3 KGþ 44

9 G2 � IK ð12:18Þ
alternatively, I = (1 � a) � IG + a � IK, where IG and IK are temperature indices, respectively. And
a ¼ KG

2K2 þ 19
3 KGþ 44

9 G2 ð12:19Þ
For metallic glasses, G/K varies from 0.2 to 0.5 [see Table 1], and gives the partition coefficient of
a = 0.07 ± 0.01. The partition coefficient for G and K suggests that both the volume-conservative shear-
ing (corresponding to G) and volume-nonconservative dilatation (corresponding to K) contribute to
the flow, and dilatation contributes around 7% to the activation energy density for creating the room
for atoms rearrangement, which has been observed both by simulation and experiments [616–618].

To determine exact contribution of K and G to the qE for flow, the acoustic velocities change during
glass transition has been studied. The T-dependent transversal and longitudinal velocities change dif-
ferently during the glass transition process [232], and the ratio of the relative changes of the two
velocities is about Dvs

vs
: Dv l

v l
� 2 : 1 [232]. From qv2

s ¼ G and qv2
l ¼ 4

3 Gþ K , we obtain the relative
changes of G and K, DG

G : DK
K � 5 : 1. In 3D space, there are two shear modes (corresponding to G) and

one radial mode (dilatation mode corresponding to K) when atoms move. Thus, the contribution of
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. The schematic map of potential energy density landscape with the distance 2c0 between the minima. The thin curve
e estimation by second order Taylor expansions around the minima. The barrier height estimated by extrapolating from
ima. The estimated and actual barriers are proportional [619].
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G should be doubled, and the ratio of the contribution of G and K in qE should be about 10:1 (Refs.
[616,617]), that is
Please
metal
qE ¼ DE=Vm ¼ ð10Gþ KÞ=11 ð12:20Þ
This indicates a = 1/11 = 9%, which is consistent with the above result.
The extended elastic model shows that qE is determined by both G and K in a way of qE(10G + K)/

11, which is different from most other elastic models for flow in glasses and supercooled liquids,
which consider the case of simple shear and involve only shear modulus. The extended elastic model
suggests that the both homogeneous and inhomogeneous flow is shearing process combining free vol-
ume generation, and demonstrates that both shear and free volume are important for flow, and pro-
vides an intuitional picture of the flow of the atoms or atomic groups in glass or liquid. In fact, the
shear induced dilatation has been widely observed. Both experimental evidence [312,322,323,402]
and the jamming model of granular systems [620] show that shear as well as dilatation movements
are involved in the flow during glass transition and deformation. We justify that the flow activation
energy density qE relates not to G or K but relate to both shearing transformation (corresponding to
volume-preserving G) and dilatation (corresponding to volume-nonpreserving K).

The elastic model is further experimentally verified. We check the correlations between Tg and the
elastic moduli for various metallic glasses. The flow viscosity of MG-forming liquids follows:

gðTÞ ¼ g0 ln DEðTÞ
kBT

� �
. According to the definition of glass transition temperature, at Tg, for BMGs,

g(Tg) = 1013 Pa s. From gðTgÞ ¼ g0
DEðTÞ
kTg

� �
¼ 1013 Pa s, or DEðTÞ

RT jT¼Tg

 constant. One can see that DE(Tg)/

kTg is a constant at Tg for all metallic glasses. According to our model, qEVm
RTg
¼ ð10Gþ KÞ

Vm=11RTg ¼ constant. Fig. 99a shows the data of (10G + K)Vm/11RTg vs. various kinds of metallic
glasses listed in Table 20. These BMGs cover many typical systems including Zr-, Cu-, Ca-, Mg-, Ni-,
Fe-, and rare earth elements based BMGs, and their thermal, mechanical and physical properties are
markedly different (see Tables 1 and 20). Their values of Tg, E and Poisson’s ratio span from 317 K
to 930 K, 23 GPa to 195 GPa, 0.276–0.41, respectively. One can see that these data can be well fitted
by a constant 0.075. The data of (10G + K)Vm/11RTg for various metallic glasses vs. other parameters
such as density and Poisson’s ratio are shown in Fig. 99b. The metallic glasses are independent with
these parameters and can also be well fitted by the constant of 0.075. The experimental comparison
further testifies the above model. As a comparison, Fig. 99c and d also shows the plots of kVm/Tg and
GVm/Tg vs. Poisson’s ratio. Fitting to the data yields kVm/Tg / 8.78m and GVm/Tg / �0.86m, which indi-
cating that the sole K or G cannot characterize the activation energy density well. Similar correlations
have been found in different forms in different groups [92,323,506,621], which also support that vol-
ume factor must be considered to make the ratio of activation energies and Tg be a constant. The elas-
tic moduli scaled with Vm are widely found to show better correlations with the thermal and
mechanical properties for metallic glasses [312,322,323,402].

The elastic model is further experimentally confirmed by creep experiment in elastic regime of
BMG at RT [622]. The attempt was made to amplify the measurable dilatation effects of homogeneous
deformation by performing tests at RT to suppress structural relaxation. According to the elastic mod-
el, it is expected that plastic deformation induces dilatation of the glassy structure. In inhomoge-
neously deformed samples, the shear bands show clear structural changes resulting from the very
high local shear, and possibly also linked to local heating and rapid cooling. The Zr46.75Ti8.25Cu7.5-

Ni10Be27.5 (Vit4, Tg = 625 K) is chosen to perform tests below its yielding strength at RT to suppress
structural relaxation. Ultrasonic measurements have been exploited to measure the subtle changes
in the moduli of the MG uniaxially loaded with a strain rate of 1 � 10�4 s�1 at 80% of the MG yield
strength (ry � 1.9 GPa) for periods of hours at RT. After 38 h of pre-compression, detectable perma-
nent deformation after the load is removed is found. No shear bands are observed indicating the
homogeneous deformation [622].

The evolution of density and elastic moduli with pre-compression time within the apparently elas-
tic region indicates that the pre-compression induces dilatation [622]. The relative variations of elastic
moduli show that the E and G decrease by similar small amounts, while the K decreases slightly more
[622]. Loading for 38 h, the viscous strain is �2 � 10�4, associated with a fractional density decrease of
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Fig. 99. (a) The experiment data of (10G + K)Vm/11RTg vs. various MGs. (b) The (10G + K)Vm/11RTg vs. m. The (10G + K)Vm/11RTg is
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�2 � 10�3. The density change though large, 10 times the viscous strain, is broadly consistent with the
observed fractional decreases in elastic moduli of (5–7) � 10�3. The decreases in K therefore appear
entirely consistent with the dilatation induced by pre-compression. It is noted that the elastic moduli
and density increase during relaxation, and the increases are greater under hydrostatic pressure.
Therefore, the changes in elastic moduli and density in our case are not consistent with structural
relaxation. Also, on annealing-induced relaxation, the changes in K are much smaller than the changes
Please cite this article in press as: Wang WH. The elastic properties, elastic models and elastic perspectives of
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Table 20
The compositions, average molar volume Vm, K, E, G, m, and the combined parameters moduli � Vm/Tg of 46 different kinds of BMGs
[56,333].

Compositions Tg (K) Vm

(cm3/mol)
K
(GPa)

E
(GPa)

G
(GPa)

m GVm/Tg KVm/Tg (0.91G + 0.09K)
Vm/Tg

Ca65Mg8.54Li9.96Zn16.5 317 20.25 20.15 23.4 8.95 0.307 0.572 1.287 0.636
Ca65Mg8.31Li9.69Zn17 320 20.10 18.45 23.2 8.98 0.291 0.564 1.159 0.618
Yb62.5Zn15Mg17.5Cu5 385 19.24 19.78 26.5 10.4 0.276 0.520 0.989 0.562
Ce70Al10Ni10Cu10 359 16.94 27.00 30.3 11.5 0.314 0.543 1.274 0.609
(Ce20La80)68Al10Cu20Co2 366 16.78 32.63 31.8 11.9 0.338 0.544 1.496 0.629
Ce68Al10Cu20Nb2 345 16.70 30.06 31.0 11.7 0.328 0.564 1.455 0.644
(Ce80La20)68Al10Cu20Co2 355 16.69 31.79 31.1 11.6 0.337 0.547 1.494 0.632
Ce68Al10Cu20Co2 352 16.57 30.33 31.3 11.8 0.328 0.555 1.428 0.634
Ce68Al10Cu20Ni2 352 16.57 31.77 31.9 12.0 0.333 0.564 1.495 0.648
Ce68Al10Cu20Co2 351 16.44 30.13 30.3 11.46 0.333 0.532 1.411 0.611
La60Al20Co20 477 15.96 39.17 38.7 14.5 0.335 0.486 1.311 0.560
Pr55Al25Co20 509 15.07 43.48 45.9 15.4 0.341 0.456 1.287 0.531
Dy55Al25Co20 635 14.27 52.22 61.4 23.5 0.304 0.529 1.174 0.587
Tb55Al25Co20 612 14.15 50.19 59.5 22. 9 0.302 0.528 1.160 0.585
Ho55Al25Co20 649 13.85 58.81 66.6 25.4 0.311 0.542 1.255 0.607
Er55Al25Co20 663 13.55 60.70 70.7 27.1 0.306 0.553 1.241 0.615
Tm39Y16Al25Co20 664 13.51 66.10 77.5 29.7 0.305 0.604 1.345 0.671
Tm55Al25Co20 678 13.47 62.00 72.2 25.6 0.319 0.509 1.232 0.574
Lu39Y16Al25Co20 687 13.30 71.30 78.9 30.0 0.316 0.581 1.380 0.653
Lu45Y10Al25Co20 698 13.25 70.20 79.1 31.1 0.307 0.590 1.332 0.657
Lu55Al25Co20 701 13.20 69.20 80.0 30.6 0.307 0.576 1.303 0.642
Mg65Cu25Gd10 421 12.51 45.10 50.6 19.3 0.313 0.573 1.340 0.642
Mg65Cu25Y9Gd1 423 12.37 39.05 52.2 20.4 0.277 0.597 1.142 0.646
Mg65Cu25Y10 419 12.36 41.36 49.1 18.9 0.302 0.556 1.220 0.616
Mg65Cu25Y8Gd2 420 12.23 39.85 51.7 20.1 0.284 0.586 1.161 0.638
Mg65Cu25Y5Gd5 422 12.05 39.10 50.6 19.7 0.284 0.563 1.117 0.613
Mg65Cu25Tb10 415 11.95 44.70 51.3 19.6 0.309 0.565 1.288 0.630
Zr64.13Cu15.75Ni10.12Al10 640 11.68 106.63 78.4 28.5 0.377 0.519 1.946 0.648
Zr65Cu15Ni10Al10 652 11.65 106.65 83.0 30.3 0.37 0.541 1.906 0.664
Zr61.88Cu18Ni10.12Al10 651 11.51 108.33 80.1 29.1 0.377 0.514 1.915 0.640
Zr55Al19Co19Cu7 733 11.44 114.90 101.7 30.8 0.377 0.481 1.794 0.599
Zr57Nb5Cu15.4Ni12.6Al10 687 11.44 107.70 87.3 32.0 0.365 0.533 1.793 0.646
Zr57Ti5Cu20Ni8Al10 657 11.43 99.20 82.0 30.1 0.362 0.523 1.725 0.632
(Zr59Ti6Cu22Ni13)85.7Al14.3 689 10.74 112.60 92.7 34.0 0.363 0.530 1.755 0.640
Cu45Zr45Al7Gd3 670 10.71 105.86 90.1 33.2 0.358 0.530 1.692 0.635
Zr46.75Ti8.25Cu10.15Ni10Be27.25 622 10.21 111.90 100 37.2 0.35 0.610 1.836 0.721
Zr48Nb8Cu12Fe8Be24 658 10.17 113.60 95.7 35.2 0.36 0.544 1.756 0.653
Zr41Ti14Cu12.5Ni10Be22.5 625 9.79 114.10 101 37.4 0.352 0.586 1.787 0.694
Ni45Ti20Zr25Al10 733 9.61 129.60 109 40.2 0.359 0.527 1.699 0.632
Cu60Zr20Hf10Ti10 754 9.50 128.20 101 36.9 0.369 0.465 1.616 0.569
Pd77.5Cu6Si16.5 633 8.74 166.00 89.7 31.8 0.41 0.439 2.293 0.606
Pd64Ni16P20 630 8.29 166.00 91.9 32.7 0.408 0.430 2.183 0.588
Pd40Cu40P20 590 7.98 158.00 93.0 33.2 0.402 0.449 2.136 0.601
Pd39Ni10Cu30P21 560 7.97 159.10 98.2 35.1 0.397 0.500 2.264 0.658
Fe53Cr15Mo14Er1C15B6 900 7.94 180.00 195 75.0 0.317 0.610 1.588 0.698
Fe61Mn10Cr4Mo6Er1C15B6 930 7.48 146.00 193 75.0 0.281 0.603 1.174 0.654
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in G or E, in contrast to the relative magnitudes in our case. The found clear dilatation effect in the vis-
cous flow in the apparently elastic regime of the glass reveals that the large volume increase associ-
ated with the local shearing events’. This also indicates that the role of bulk modulus during flow. The
results as well as others further confirm the proposed elastic model.

Shear-induced dilatation has also been reported in the inhomogeneous deformation of BMGs [623–
625]. It was reported that the cold rolling of Pd77.5Cu6Si16.5 BMG to reductions of 30–40% in thickness
gives a density decrease of 0.15% [623]. The authors attempt to estimate the change of free volume in
the shear bands, and find that the free-volume increase in the shear bands would be 30–50%! This
forces them to conclude that not all of the free volume generated by deformation can be in the bands
and a significant fraction must be in the matrix between the bands.
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The shear elastic energy density / of a flow unit can be expressed as /(c) = /0 sin2(pc/4cC) [82],
where / is the total barrier energy density and c is the shear strain. The G can be reduced from the
shear elastic energy density / not the shear elastic energy, in a way of G ¼ /00jc¼0 ¼

/0
8c2

C=p
2[82]. This indi-

cates that G is related to the barrier energy density. The K can be expressed as

K ¼ V0
@2U
@V2

���
V¼V0

¼ @2ðU=V0Þ=@ðV=V0Þ2jV¼V0
, where U is the atomic potential energy, V0 is the atomic

equilibrium volume, U/V0 is the energy density, and V/V0 correlates with elastic strain. In harmonic
approximation around V0, the U can be expressed in a parabolic form as U = U0(1 � aV/V0)2 [79], where
a is constant depending on the atomic bonding nature. This gives K = 2a2U0/V0, which correlates with
the potential energy density at equilibrium state. Thus, both G and K are proportional to their corre-
sponding deformation energy density. Therefore, it is reasonable for qE rather than the activation en-
ergy shows direct correlation with the combined moduli of K and G.
13. The elastic perspectives on metallic glasses

In conventional crystalline alloys, their properties and characteristics can be understood in micro-
structure including the crystal structure, the degree of order, and the contents and distributions of de-
fects such as vacancies, interstitials, dislocations, twins and grain boundaries [51]. The metallic glasses
have no such ‘‘microstructure’’ to speak of, and their ‘many-body’ random structural nature is extre-
mely difficult to be described or detected accurately like their crystalline counterpart [626–628]. And
the glass is even thought to be an unsuitable basis for understanding the relation of structure and
properties. It is therefore a major challenge to describe the metallic glasses, to understand their for-
mation and features, and to establish their structure–properties or structure–features relationship.
The systematical elastic property studies indicate that elastic moduli can be used as key parameters
for modeling, understanding and describing the most fundamental issues in metallic glasses. The elas-
tic property studies draw several important conclusions, which lead to the elastic models and elastic
perspectives on the metallic glasses. These conclusions are summarized as following:

(1) The subtle local atomic-scale structural changes induced by tuning composition, temperature,
pressure, aging and internal or external stress can be effectively characterized by the easy mea-
surable parameter of elastic moduli. There are close links between the microstructural change
and properties/features of the glasses through the medium of elastic constants.

(2) There are exist clear correlations even in macroscopic and empirical levels among the elastic
moduli, the glass formation and transition, the properties and features, and the strong/fragile
characteristics of metallic glasses. These correlations provide predictability and help one to
get insight into the properties–structure relationship and then the common origin of the unique
properties and features of the disordered systems [56,305–383,629]. These correlations
between elastic constants and properties (or features) also have clues for searching new glass
compositions that combine desirable glass-forming ability with good mechanical properties.

(3) The glass formation, glass transition, relaxation, and homogeneous and inhomogeneous defor-
mation in metallic glasses are all closely related to flow events controlled by activation energy
barrier.

(4) For the flow both in glasses and supercooled liquids, its energy barrier is determined by their
elastic moduli. The elastic model offers a simple scenario for explaining and understanding
the nature of metallic glasses and correlations in metallic glasses.

Based on above experimental observations and conclusions, and on the assumptions of that the
metallic glasses are frozen liquids and they can be characterized as highly viscousic, the elastic per-
spective of the metallic glasses is suggested as that:

The glass formation from solidification of liquid, the mechanical plastic deformation, relaxations,
glass transition and formation, and the aging of glasses can be treated as flow phenomenon or the
change of their different configurations driven by different processes. The flow can be modeled as acti-
vated hopping between inherent states across energy barrier in the potential energy landscape
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induced by different processes such as thermal or mechanical process [33–35]. The flow viscosity of
metallic glass-forming liquids follows the general Arrhenius equation: gðTÞ ¼ g0

DEðTÞ
kBT

� �
, and the flow

event is governed by the activation energy, DE(T). The energy barrier of the flow of both newtonian
and nonnewtonian metallic glass-forming liquids over a broad range of rheological behavior is found
to be determined by the instantaneous elastic moduli scaled with volume, and the variation in the
configurational change or the flow events in glass or liquid induced either by thermal excitation or
mechanical deformation can be then correlated to the variations in elastic modulus. That is, the elastic
moduli, i.e. the high-frequency shear modulus G1 accompanying K1 as well as the volume factor, are
the key physical quantity controlling the main thermodynamic and kinetic, mechanical and dynamic
properties, and even glass-forming ability of supercooled liquids and glasses. The K and volume have
to be considered since a flow event requires a local volume increase. The elastic perspective can be
schematically illustrated in Fig. 100. According to the elastic moduli perspectives, many complex is-
sues in glasses and supercooled liquids can be simply treated and understood based on several ready
measurable parameters of elastic constants.

In the following, we will show that many important issues and experimental observations on
metallic glasses can be understood and explained via the elastic perspectives. The elastic moduli cor-
relation, elastic model and elastic moduli perspectives provide different points of view on some
important fundamental issues of metallic glasses.

The first example is about slow down: when cooling from the melting point Tm to the glass tran-
sition temperature Tg, the temperature dependence of the viscosity g of glass-forming liquids slows
down and follows a general Arrhenius equation. One of the well-known theories to understand the
non-Arrhenius behavior is the Adam–Gibbs model [588], in which an idea of cooperatively rearrange-
ment regions (CRR) was proposed to explain the non-Arrhenius behavior by the temperature depen-
dence of configurational entropy Sconf. However, this conventional wisdom has recently been
challenged [36,253]. For example, the experiments invariably find the length scales of the heterogene-
ity are of a few nanometers only [36,253], and this is clearly inconsistent with the assumption of the
CRRs which is largely unaffected by its surroundings. While according to the elastic perspectives, the
CRRs arisen from Adam–Gibbs model are not necessary to explain the non-Arrhenius. On the contrary,
high viscosity is related directly to the high barrier (or high instantaneous elastic moduli) for atoms
and molecules to be overcome in the system. In the dynamic point of view, upon cooling from Tm

to Tg the increasing barrier energy makes the relaxation time longer. As the relaxation time of the liq-
uids reaches the order of 100 s which is the order of the usual experimental time scale, glass is formed.

The yielding and fracture of metallic glasses are generally attributed to the formation of principal
shear bands. The issue of formation mechanism of shear bands, as a case, can be understood in terms
of elastic perspectives. Contradictory mechanisms of dramatic temperature rise [516] or stress in-
duced dilatation (formation of free volumes) [617] both supported by experimental evidence has been
proposed for the shear bands nucleation and formation. According to elastic perspectives on the
metallic glasses, the nucleation and formation of shear band is a localized flow in metallic glasses
which is controlled by elastic moduli. The localized destabilization of glassy structure (or activation
ΔΔE∝ M 

Fig. 100. Schematic illustration of the flow events both for homogenous flow in supercooled liquids and inhomogeneous flow in
glasses controlled by elastic moduli M: The activation of flow events requires of energies of DE related to M. External stress (in
glass) or thermal fluctuation in liquids can soften M and induce the occurrence of flows.
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of shear transformation zones and their self-organized into embryo of shear band) is a kind of elastic
moduli softening corresponding to collision of saddle point between inherent structures in potential
energy landscale. In other words, the elastic destabilization or softening and the flow events in shear
bands driven by external forces is equivalent to the glass transition induced by mechanical energy or
free volume increase [506]. Shear banding is a kind of localized glass transition in nano-scale thin lay-
ers. Therefore, the controversial issue of formation mechanism of shear bands actually is the elastic
moduli softening process, and the shear bands nucleation and formation then can be caused equiva-
lently by temperature rise induced by mechanical energy (shear stress) or by free volume increase
(dilatation) or by combination of the temperature rise and free volume increase effects. The plastic
deformation of BMGs occurs upon reaching to a critical energy threshold, at which the accumulated
internal energy from elastic deformation is sufficiently high for the transition from glass to a super-
cooled liquid with high atom mobility. Mechanical stress, equivalent to thermal activation energy,
can significantly enhance the atomic mobility by inducing a glass to supercooled liquid transition in
shear bands, which is a key factor responsible radically for the deformation of BMGs. The mechanical
work, analogous to thermal activation energy, drive the glass-to-supercooled-liquid transition in shear
bands which is usually attainable at a temperature above the Tg with enhanced atomic mobility. The
shear banding in BMGs can be regarded as a stress induced localized glass-to-supercooled-liquid
transition.

The plastic mechanism for the large plastic bulk metallic glasses found recently can be explained
according to the elastic perspectives. These plastic BMGs usually have low G and larger Poisson’s ratio
due to their inhomogeneous structure, which indicates that the activation barrier DE is relatively
smaller for operation of the STZs (the fundamental unit of plasticity of metallic glass [488]) in these
metallic glasses because the energy barrier for operation a plastic unit or STZ is mainly correlated
to G according to the elastic perspective. One STZ’s operation creates a localized distortion of the sur-
rounding material and triggers the autocatalytic formation of more STZs, and these STZs self-orga-
nized into the embryo of shear bands. On the other hand, the STZ volumes of plastic flow of BMGs
are also found to increase with m. This means that a larger STZ compared with small one enables a
smaller number of STZs to be activated for nucleation of a shear band, and reinforce the shear capa-
bility of the metallic glass and promote the formation of multiple shear bands [546]. So, according to
the elastic perspective, to decrease the activation barrier DE or the decrease shear modulus, one can
enhance the plasticity of a metallic glass. This is agreement with the fact that a higher Poisson’s ratio
represents a higher possibility for a BMG to have better plasticity and toughness.

The static inhomogeneous microstructure (or the inhomogeneous distribution of the free volumes)
and the stress fluctuation of metallic glasses, which has close relationship with their mechanical prop-
erties and structural relaxations, can be well characterized by the local elastic modulus fluctuation
[85,376–378,382,383,630–635]. A link between structure and dynamic heterogeneity was also re-
cently suggested on the basis of numerical simulation and experimental observations [630–635].
The structural and dynamic heterogeneities can be characterized by the elastic modulus [634], and
the local fluctuations in the elastic modulus in metallic glasses can provide insight on the relaxations,
plastic deformation mechanism [634]. The elastic–plastic transition is given by the percolation of ‘soft
spots’ within the distribution of elastic moduli. The local fluctuations in the elastic modulus, which
corresponds to the inhomogeneous microstructure or the stress fluctuation, can also explain the com-
position dependent mechanical properties in metallic glass systems.

The structural and bonding inhomogeneous microstructure would induce the local fluctuations in
the shear modulus in a metallic glass, which can be characterized by G#/hGi, where the G# and hGi are
local and the global shear modulus, respectively [382]. Different glassy alloy systems have different
characteristic G#/hGi. The elastic moduli fluctuations can be attributed to the local topological and
chemical fluctuations in the metallic glasses. The local shear modulus G# of the metallic glass in the
region with high density of free volumes or lower density of free volumes (with 10–20 atom flow
units) must be lower or higher than the global shear modulus hGi measured, which has been con-
firmed by simulation and experimental observations [634,636]. This leads to the so-called soft and
hard regions in some plastic bulk metallic glasses with larger plasticity [85]. Ichutsubo et al.
[226,257,637] found that the elastic inhomogeneity with a certain correlation length exists in dense
metallic glasses and the correlation length value can reflect the characteristic domain size in glasses,
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and the static structural heterogeneity correlates with Poisson’s ratio and fragility. Since shear defor-
mation (STZs and their self-organization) occurs preferentially in the soft regions with high density of
free volumes and low shear resistance in metallic glass, if there is a sufficiently large population of
flow unit of STZs with low G# value, then a network of multiple shear bands can form easily to shield
potential brittle damage and plasticity ensues. This explain some monolithic glassy alloys with struc-
tural or bonding heterogeneity on length scales ranging from nanometer to submicrometer can lead to
superior large plasticity. The glassy alloy with larger different characteristic G#/hGi has larger plastic-
ity. The elastic inhomogeneity also explains the structural origin of the correlation between plasticity
and Poisson’s ratio [56].

The b-relaxation or Johari–Goldstein relaxation [248–250] has been proved being an intrinsic and
universal feature of metallic glasses [97,130,242–244,246–248,638–640], while the physical and
structural origin is not clear yet. It usually is related to some kinds of localized motions with cooper-
ative nature, a reminiscent of STZs in metallic glasses [248–250]. It is found that the activation of STZs
and slow b-relaxations in metallic glasses are directly related through elastic moduli [641]. The results
have implications on the origins of the b-relaxation and the flow resistances of STZs as well as its rela-
tionship with the intrinsic plasticity and the scenario of inhomogeneous atomic structure of unrelaxed
metallic glasses. From the perspective of elastic model and potential energy landscape theory, the b-
relaxations are identified as hopping events across the energy barrier related to elastic moduli within
an inherent megabasin, while the a-relaxations entail escape from one megabasin and eventually
jump into another by overcoming the energy barrier [641]. Experimentally, the activation energy of
the b-relaxations of BMGs, Eb, can be determined by various methods such as differential scanning cal-
orimeter or dynamic mechanical spectroscopy (DMA) [97,130,242–244,246–248,636,641–643]. The
activation of isolated STZ confined within elastic matrix is regarded to associate with the b-relaxation
process [82], and the percolation of STZs would result in the plastic yielding of BMGs, associated with
a-relaxation. However, the validity of the correlation between the activation of STZ and the b-relaxa-
tion remains unclear, mainly due to the unclearness of the nature and the origin of the b-relaxation
and how the events of STZs relate to the b-relaxations.

Fig. 101a shows the E00 of a typical La55Al15Ni10Cu10Co10 bulk metallic glass between 300 K and
500 K with testing frequencies varied from 0.1 Hz to 8 Hz [641]. The broad humps around 320–400
K were identified as the slow b-relaxations [242–244], and the Eb was estimated by plotting log (f)
vs. 1000/Tp, where Tp is the peak temperature of the hump as shown in the inset of Fig. 101a. For
La55Al15Ni10Cu10Co10 metallic glass, its activation energy Eb is about 89 ± 6 kJ/mol. Table 21 summa-
rizes the values of Eb and Tg determined from DMS measurements for various BMGs. Fig. 101b shows
the plot of Eb vs. RTg of the data listed in Table 21. An approximately linear relationship of
Eb � 26(±2)RTg can be obtained (R is the gas constant) [641]. The similar empirical relationship be-
tween Eb and Tg in the form of Eb � 24RTg has also been found to exist in nonmetallic glasses
[641,644], which agrees well with that in metallic glasses. The results indicate that Eb scales with
Tg, the characteristic temperature of b-relaxation or glass transition, and this confirms that the ‘‘b-
relaxation to a-relaxation’’ is a self-similar organization.

The energy barrier of STZs can be estimated using the cooperative shear model [82]. Assuming n
atoms take part in an isolated STZ event, let X = nCfVa where Va = M/(qN0) is the atomic volume, N0

Avogadro’s number, q density and M molar mass, Cf P 1 is a free volume parameter. The molar poten-
tial energy barrier for an unsheared STZ is thus WSTZ ¼ N0W ¼ ð8=p2ÞnGc2

c fCf Vm, here Vm = N0Va is mo-
lar volume. Taking account Cf = 1.12, n = 200, one gets WSTZ � 0.397GVm. The relevant data of G, Va, and
GVm and estimated WSTZ for more than 40 different BMGs are collected in Table 22. Fig. 102 shows a
plot of the molar potential energy barrier WSTZ for an unsheared STZ vs. the Eb (estimated as
Eb � 26RTg) for the BMGs listed in Table 22. The plot reveals nearly a one-to-one correspondence be-
tween Eb and WSTZ that extends over a broad range, suggesting a clear correlation between WSTZ and Eb,
or Eb� WSTZ. This linear relationship is further checked to well stand in individual systems of BMGs
based on such as Zr-, Cu-, Fe-, and rare-earth based BMGs [641]. The results confirm that the potential
STZs and the b-relaxations are directly correlated through elastic moduli. Fig. 103 plots the GVm (cor-
related to WSTZ � 0.397GVm) against RTg (Eb � 26RTg) for BMGs listed in Table 22. It can be seen that the
GVm and RTg are correlated for various BMGs, and the generalized correlation in essence is a manifes-
tation of the relationship between activation of STZs and b-relaxation. As GVm is a measurement of the
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Fig. 101. (a) The temperature dependence of the loss modulus E00 for a La55Al15Ni10Cu10Co10 BMG, measured with frequencies f
(from top to bottom, indicated by the arrow) 0.1, 0.2, 0.5, 1, 2, 4, and 8 Hz, at the heating rate of 2 K/min. The inset plots log(f)
verse 1000/Tp, where Tp is the peak temperature of the b relaxation hump around 320–400 K. (b) Relationship between
activation energy of b-relaxation Eb and RTg for metallic glasses listed in Table 21. The open squares and circles denote
measurements from DSC and DMS respectively [641].
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energy barrier of STZs and RTg measures activation energy of the b-relaxation, one can readily use GVm

and RTg, which can be easily measured, to characterize the events of STZs and the b-relaxations in
BMGs. In other words, the two fundamental issues of plastic deformation and relaxations in metallic
glasses are correlated through elastic moduli, which have been verified by simulation [645,646].

The b-relaxation relates to the dynamical heterogeneity in glasses, whereas its structural origin is
rather vague. On the other hand, there is general consensus that the potential STZs are nucleated
around the sites of free volumes, where the atomic packing is relative loose. This picture is validated
by the experimental observations that some BMGs consist of the weakly bonded regions (or soft re-
gions) and strongly bonded regions (or hard regions) and the heterogeneous structure benefit the plas-
tic deformation of the metallic glasses [85,393,529,645–651]. Based on the correlation between STZ
and b-relaxation in activation energy, the origin of b-relaxation could be understood from the micro-
structural characteristic of metallic glasses. A schematic 2-D plot of such a structure is shown in
Fig. 104a and b for fragile and strong metallic glass, respectively. The microstructure of BMGs is inho-
mogeneous in the atomic scale and comprises closely packed and loosely packed regions. The b-relax-
ations, similar to the events of potential STZs, take place in the loosely packed regions as indicated in
Fig. 104, where the local translational atomic motions can be readily activated, compared with that in
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Table 21
Activation energy of b-relaxation Eb, glass transition temperature Tg, of different metallic glasses. In DMA, the Tg was determined at
the testing frequency of 1 Hz.

Metallic glass Eb (kJ/mol) Tg (K) Method Refs.

La55Al15Ni10Cu10Co10 89 446 DMS [641]
Cu47Zr47Al6 155 700 DMS [641]
Cu45Zr45Al10 153 703 DMS [641]
Zr46.75Ti8.25Cu7.5Ni10Be27.5 118 648 DMS [641]
Zr64.13Cu15.75Ni10.12Al10 112 646 DMS [641]
Zr57Cu15.4Ni12.6Al10Nb5 135 663 DMS [641]
Tm39Y16Al25Co20 151 657 DMS [641]
La55Al25Ni20 110 493 DSC [243]
Pd40Ni10Cu30P20 129 575 DMS [243]
Zr46.75Ti8.25Cu7.5Ni10Be27.5 138 628 DMS [243]
Zr65Cu15Ni10Al10 131 654 DMS [243]
(Cu50Zr50)92Al8 174 692 DMS [243]
La57.5 (Cu50Ni50)25Al17.5 92 435 DMS [243]
(Fe85Ni15)83P17 134 650 DSC [641]
(Fe85Cr15)83P17 150 720 DSC [641]
(Fe85V15)83P17 162 728 DSC [641]
(Fe85Mo15)83P17 189 754 DSC [641]
(Fe75Ni25)83P17 111 640 DSC [641]
(Fe75Co25)83P17 146 685 DSC [641]
(Fe75Mn25)83P17 141 697 DSC [641]
(Fe75Cr25)83P17 166 765 DSC [641]
(Fe50Ni50)83B17 172 650 DSC [641]
(Fe5Ni5)83P17 154 645 DSC [641]
Pd48Ni32P20 92 582 DSC [641]
Al82Ni10Ce8 158 585 DSC [641]
Pd43Ni10Cu27P20 106 568 DMS [243]
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closely packed regions. We speculate that the structural heterogeneity is the common structural origin
of events of STZs and the b-relaxations. The b-relaxation in BMGs then corresponds to a process
involving ‘‘thermal driven events of STZs’’, i.e., a group of atoms within loosely packed regions undergo
an inelastic distortion from one configuration to another, crossing an energy barrier, and conse-
quently, Eb �WSTZ. For b-relaxation, the driven force is essentially obtained from the thermal fluctu-
ations, and there is no directional flow and the process is reversible due to the confinements of the
surrounding closely packed regions. In contrast, the directional flow events of STZs induced by exter-
nal shear stress.

The connection of events of STZs and the slow b-relaxations in BMGs could help us to understand
the deformation mechanisms and plasticity of BMGs. For a fragile system with larger fragility and
Poisson’s ratio, m, it shows marked structural heterogeneity, depicted in Fig. 104a, which comprises
more loosely packed regions for triggering the b-relaxations and the activation of STZs. This means
lowering Eb or WSTZ compared with that of strong BMGs [with smaller fragility and m as shown in
Fig. 104b]. According to the correlations of Poisson ratio with structural heterogeneity, fragility and
plasticity, the fragile BMG is expected to have lower WSTZ and Eb and better plasticity [652,653].

In a broad class of polymer glasses there is similar connection between mechanical prosperities and
b-relaxation [654–659]. For instance, in many polymer glasses the transition from ductile to brittle oc-
curs at the characteristic temperature of the b-relaxations [654,655], and transitions of impact tough-
ness yield strength and failure modes were also often correlated with b-relaxations [656]. Moreover,
polymers with pronounced b-relaxations often possess good ductility and vice versa. Some theories
such as Eyring’s model have been proposed to relate molecular motions to mechanical properties.
However, these models are unable to account for all the experiments results, and the correlation be-
tween mechanical properties to b-relaxation is still an open question. This might due to the compli-
cated structures (which consisting primarily of chains units) and dynamics of glassy polymers, and
the modes of molecular motions responsible for b-relaxations could vary from one type of polymer
glass to another [654].
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Table 22
Summary of data on BMG compositions and density q, Young’s modulus E, shear modulus G, Poisson ratio m, glass transition
temperature Tg, and GVm. The molar energy barrier of STZs, WSTZ � 0.397GVm, taking n = 200, cc = 0.027, f = 3, Cf = 1.12 (see the
text).

BMG q (g/cm3) E (GPa) G (GPa) GVm (kJ/mol) m Tg (K) WSTZ (kJ/mol)

Au49Ag5.5Pd2.3Cu26.9Si16.3 11.60 74.4 26.5 291.4 0.406 405 115.7
Au55Cu25Si20 12.20 69.8 24.6 261.8 0.417 348 103.9
Ca65Li9.96Mg8.54Zn16.5 1.96 23.4 9.0 180.9 0.307 333 71.8
Ce68Al10Cu20Co2 6.81 30.3 11.4 186.6 0.333 351 74.1
Ce70Al10Cu20 6.70 29.9 11.3 190.6 0.329 342 75.7
Ce70Al10Ni10Cu10 6.67 30.3 11.5 194.8 0.313 359 77.3
Cu46Zr42Al7Y5 7.23 84.6 31.0 316.8 0.364 713 125.8
Cu46Zr46Al8 7.08 93.7 34.3 355.4 0.366 701 141.1
Cu46Zr54 7.62 83.5 30.0 309.0 0.391 696 122.7
Cu47Zr47Al6 7.13 92.4 33.8 352.5 0.367 701 139.9
Cu48Zr48Al4 7.22 88.7 32.4 338.2 0.370 689 134.3
Cu50Hf43Al7 11.00 113.0 42.0 421.6 0.358 774 167.4
Cu50Zr50 7.40 87.0 32.0 334.7 0.360 670 132.9
Cu57.5Hf27.5Ti15 9.91 103.0 37.3 349.3 0.356 729 138.7
Dy55Al25Co20 7.56 61.4 23.5 335.7 0.304 635 133.3
Er55Al25Co20 8.16 70.7 27.1 366.8 0.306 663 145.6
Fe53Cr15Mo14Er1C15B6 6.92 195.0 75.0 595.6 0.320 860 236.5
Fe61Mn10Cr4Mo6Er1C15B6 6.89 193.0 75.0 560.8 0.280 870 222.6
Fe68Mo5Ni5Cr2P12.5C5B2.5 7.50 152.7 57.9 397.8 0.329 699 157.9
Fe70Mo5Ni5P12.5C5B2.5 7.48 152.5 57.3 395.1 0.331 696 156.9
Fe74.5Mo5.5P12.5C5B2.5 7.54 151.1 56.9 389.9 0.326 702 154.8
Ho55Al25Co20 7.89 66.6 25.4 351.7 0.311 649 139.6
La55Al25Cu10Ni5Co5 6.00 41.9 15.6 248.0 0.342 430 98.5
Lu39Y16Al25Co20 7.59 78.9 30.0 399.2 0.316 687 158.5
Lu55Al25Co20 8.69 80.0 30.6 404.1 0.307 701 160.4
Mg65Cu25Gd10 3.79 50.6 19.3 241.4 0.313 425 95.8
Mg65Cu25Y10 3.28 50.1 18.9 233.8 0.329 425 92.8
Pd40Cu30Ni10P20 9.28 92.0 34.5 274.0 0.399 593 108.8
Pd40Cu40P20 9.30 93.0 33.2 264.8 0.402 548 105.1
Pd60Cu20P20 9.78 91.0 32.3 273.3 0.409 604 108.5
Pd64Ni16P20 10.10 91.9 32.7 271.0 0.405 452 107.6
Pd77.5Cu6Si16.5 10.40 89.7 31.8 278.0 0.409 550 110.4
Pr60Al10Ni10Cu20 6.88 36.9 13.5 207.6 0.300 409 82.4
Pt57.5Cu14.7Ni5P22.8 15.20 95.7 33.4 289.0 0.434 490 114.7
Pt60Ni15P25 15.70 96.1 33.8 287.6 0.420 488 114.2
Tm39Y16Al25Co20 7.30 77.5 29.7 401.3 0.304 664 159.3
Tm55Al25Co20 8.27 72.2 27.6 371.9 0.306 678 147.6
Yb62.5Zn15Mg17.5Cu5 6.52 26.5 10.4 200.0 0.276 381 79.4
Zr41.2Ti13.8Ni10Cu12.5Be22.5 5.90 95.0 34.1 347.0 0.352 618 137.8
Zr46.75Ti8.25Cu7.5Ni10Be27.5 6.00 95.6 35.3 351.3 0.355 621 139.5
Zr48Nb8Ni12Cu14Be18 6.70 93.9 34.3 352.1 0.367 620 139.8
Zr53.1Ti5.4Cu19.8Ni11.7Al10 6.75 86.0 31.3 339.3 0.370 657 134.7
Zr62Cu15.5Ni12.5Al10 6.62 79.7 28.9 333.6 0.378 643 132.4
Zr64.13Cu13.5Ni12.37Al10 6.65 79.7 28.9 332.7 0.377 652 132.1
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By identifying the equivalence between the activation energy of steady state homogeneous defor-
mation and the effective activation energy of a-relaxation at Tg of metallic glasses, it is found that the
a-relaxation and plastic deformation in metallic glasses are closely correlated [620]. The correlation
indicates that the plastic deformation in metallic glasses, analogous to thermal induced glass transi-
tion, can be regarded as a stress driven glass-to-supercooled-liquid transition which is usually attain-
able at a temperature above Tg with enhanced atomic mobility. The correlation has also implications
for understanding the found correlation between m and m in metallic glasses. Very recently, we devel-
oped a new BMG which has very low Tg and elastic modulus (G = 6 GPa). Due to the low flow activation
energy of the glass, the glass transition or homogenous flow in the BMG can be realized by applied
stress at RT, which also confirms the similarity of plastic flow and glass transition in BMGs [660].
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Through computer simulation of steady-state flow in a Zr50Cu40Al10 metallic glass using a set of real-
istic potentials, Guan et al. find a simple scaling relationship between temperature and stress as they
affect viscosity [661]. The results suggest that the plastic flow and mechanical failure in metallic
glasses are consequences of stress-induced glass transition.

Born [26] derived the general conditions for stability of crystal lattices and suggested that at the
melting point, the shear modulus should vanish, i.e., G = 0. Further investigations found that the G does
not vanish at the melting temperature. Based on the Lindemann melting criterion, Varshni [225] sug-
gested that melting occurs when G is reduced to a value given by G(T) = fmG(0 K), where fm is a factor
that would depend on the crystal structure and the nature of binding. For pure crystalline metals, fm is
proposed to be 0.55. Because of the similarity between melting and the glass transition, especially the
existence of a Lindemann-type criterion for glass transition, the glass transition can be assumed to oc-
cur when G is reduced to a value defined by G(T) = fgG(0 K). For metallic glasses, it is found that
G(Tg) = 0.85G(0 K) [446]. In general, it can be expressed as: G (glass transition point) = 0.85G(0 K). This
suggests that the glass transition occurs when the shear modulus decreases to 85% of the shear
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modulus at 0 K. Since the flow in supercooled liquid approaching Tg is controlled by elastic moduli, the
glass transition can be regarded as a kind of dramatic elastic moduli change which can be caused by
either temperature (glass transition) or densification (like jamming) or load (high pressure). These fac-
tors play similar role in glass transition through rapidly change the elastic moduli of the glass-forming
system at glass transition point, which is schematically illustrated in Fig. 105. In glass-forming liquids,
when the temperature is rapidly cooled to Tg or the increase of the density of the liquid to a critical
high value, the elastic moduli will rapidly reach the elastic moduli softening line as indicated in
Fig. 105 and the liquid is frozen into glass. One can also unfreeze the glass or yield the glass or make
flow in glass either by raising temperature or by applying shear stress to reach the elastic moduli soft-
ening line. The plastic deformation in metallic glasses can also regarded as the glass to supercooled
liquid transition (confined in shear bands) which occurs upon reaching to a critical energy threshold
or elastic modulus threshold by applied heating or stress to sufficiently high internal energy for the
transition.

The various correlations found in metallic glasses can be understood via the elastic perspective. For
example, the correlation of Tg and moduli E or G can be understood on the elastic perspective. The li-
quid structure freezes at Tg, and the moduli M of the liquid is approximately M1(Tg). According to the
framework of the elastic model, the DE(Tg)/kBTg is a universal constant at Tg for different metallic
glasses and the flow average barrier DE between local minima is related to M: DE /M [600–602].
Therefore, M/Tg should be a universal constant. That is, for various metallic glasses Tg is closely related
to the elastic modulus G or E. From the construction of the fragility plot, all viscosity or relaxation time
curves intersect at Tg [where logg = logg(Tg) = log(1013 Poise) = 13] and at very high temperatures, Tg/
T ? 0, where all liquids have logg = logg0 = �4 [662]. This means that if a liquid has a steeper slope of
logg near Tg, it inevitably has a smaller slope of logg at high temperature. At high temperatures,
(a) Fragile glass. Larger 
Poisson ratio, fragility, 
and volume of potential 

STZs 

(b) Strong glass. Smaller 
Poisson ratio, fragility, 
and volume of potential 

STZs

Fig. 104. Schematic plots of microstructures of (a) fragile and (b) strong BMGs. Atoms in closely packed regions and loosely
packed regions are indicated by small filled (black) and open (white) cycles, nucleation sites of potential STZs and b-relaxations
are indicated by large dash circles. The b-relaxation is regarded as ‘‘thermal driven events of STZs’’. Atoms in closely packed
regions form stiff ‘‘cages’’ that encapsulate the atoms in loosely packed regions. The inelastic movements of the atoms in loosely
packed regions can be driven by thermal fluctuation. Because of the confinements of the surrounding stiff ‘‘cages’’, the atoms
within loosely packed regions cannot escape from the cages but rearrange themselves cooperatively, similar some what to the
activation of STZs. If the thermal or mechanical drive is large enough to break the ‘‘cages’’, a-relaxation emerges.
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Fig. 105. A possible diagram for flow in glass. M is elastic moduli, DE is activation energy for flow. The line (M � DE) in the
temperature and applied shear stress plane is speculative and indicates how the temperature and shear stress equivalently
induce the flow in glasses. The elastic moduli change is represented by the color change indicated in the figure. For metallic
glasses, it is found that G(glass transition point) = 0.85G (T = 0 K).
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relaxation in most of the liquids shows Arrhenius temperature dependence: g = g0exp(DE/T). Thus, the
high-T slope of logg in the fragility plot, DE/Tg, can also be a measure of fragility. Experimental data
show that DE/Tg indeed roughly correlates with fragility m in various glasses [81]: Tg

DE / m. According to
elastic model, both DE and Tg correlate with elastic moduli. Therefore, the m should correlate with ra-
tio of the elastic moduli for metallic glasses.

According to the elastic perspectives, the elastic moduli have relationship with glass-forming abil-
ity of an alloy. The correlation between fragility and GFA has been found in many BMG-forming sys-
tems [307,316]. On the other hand, the fragility correlates with the Poisson’s ratio in various glasses
including metallic glasses [56,309]. Therefore, the Poisson’s ratio can be regarded as an indicator of the
GFA of an alloy. Because the average barrier for flow, DE, is mainly related to G [79], for the BMG-form-
ing systems with low G or larger Poisson’s ratio, their DE is easy to be surmounted via small strain
energy. While surmounting the large energy barrier (small value of Poisson’s ratio) will take some fi-
nite time and large energy, in order for the system to track the changes in the PEL through structural
rearrangements. For example, in Fe-based BMGs, there is tendency suggests that GFA is enhanced by
increasing of energy barrier [174]. Therefore, an alloy development strategy relies on dramatically
increasing flow activation energy, or increasing GVm or decreasing Poisson’s ratio, which can result
in high GFA in an alloy system.

The correlations between Tg and h2
D, and Tg and G in metallic glasses mean that the glass transition

of the bulk glass-forming alloys has the characteristics of melting [56]. The elastic moduli perspective
offers a simple scenario for explaining the found glass transition Lindemann criterion [56,57]. Assum-
ing that the vibration in metallic glasses is modeled harmonically by having a single force constant
written as Mx2

0ðx0 is characteristic frequency), Eqs. (12.5)–(12.8) are equivalent in their temperature
variations:
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The equation explains the observed Lindermann criterion for the glass transition in various metallic
glasses [56,57]. Due to the D E relative to Tg is a universal constant, the ratio a2/hx2i is then universal
at Tg. That is, MhD/Tg / a2/hx2i is universal for various metallic glasses, which is the Lindermann-like
criterion for glass transition in metallic glasses [56]. Accumulating evidences have also convinced that
amorphization is a disorder-driven melting process, and a unified approach can be found for melting
and amorphization [147]. The glass transition, approaching from the solid and inducing the transition
of the glass state to supercooled liquid state, may be regarded as a ‘‘melting’’ process (alternatively
Table 23
The compositions, Tg/q, molar mass M, Debye temperature hD, E, G, K, and q of typical 48 different kinds of metallic glasses.

Composition Tg/q K cm3/g) M (g/mol) hD (K) E (GPa) G (GPa) K (GPa) q (g/cm3)

Cu60Zr20Hf10Ti10 90.56 79.01 282.0 101.1 36.9 128.2 8.304
Zr41Ti14Cu12.5Ni10Be22.5 100.62 59.94 320.0 97.8 36.1 113.0 6.162
Ti40Zr25Ni3Cu12Be20 120.84 53.15 338.0 96.2 35.5 109.6 5.445
Zr48Nb8Cu12Fe8Be24 102.07 65.47 306.0 96.0 35.3 113.7 6.447
(Zr0.59Ti0.06Cu0.22Ni0.13)84Al16 106.49 70.09 294.0 95.1 35.2 106.7 6.545
Zr40Ti15Cu11Ni11Be21.5Mg0.5Y1 103.40 60.06 315.0 94.2 34.7 109.8 6.044
Zr48Nb8Cu14Ni12Be18 97.68 68.78 295.0 93.9 34.3 118.8 9.190
(Zr0.59Ti0.06Cu0.22Ni0.13)85.7Al14.3 104.64 70.97 291.0 92.4 33.9 112.3 6.585
(Cu50Zr50)94Al6 94.96 74.36 282.4 92.4 33.8 113.8 7.129
(Zr55Al15Cu20Ni10)98Y2 107.02 73.12 286.0 92.0 33.8 110.5 6.559
Zr41Ti14Cu12.5Ni2Be22.5Fe8 104.51 59.72 314.0 91.6 34.0 99.6 5.932
(Zr0.59Ti0.06Cu0.22Ni0.13)88Al12 101.58 72.15 288.0 91.1 33.4 111.5 6.704
(Cu50Zr50)90Al7Gd3 90.56 76.25 277.1 90.1 33.2 105.8 7.122
Zr57Nb5Cu15.4Ni12.6Al10 100.94 76.52 274.0 87.0 31.9 106.7 6.806
(Zr0.59Ti0.06Cu0.22Ni0.13)90Al10 97.48 73.17 279.0 85.9 31.3 112.1 6.740
(Zr55Al15Cu20Ni10)96Y4 106.25 73.44 278.0 85.9 31.5 104.8 6.438
Zr65Al10Ni10Cu15 98.16 77.39 266.9 83.0 30.3 106.7 6.642
Zr57Nb5Cu15.4Ni12.6B1Al10 99.50 76.63 266.0 82.4 30.0 108.2 6.764
Tm55Al25Co20 81.94 111.45 216.0 72.2 25.6 62.0 8.274
Er50Y6Al24Co20 83.62 107.23 218.0 71.0 27.0 65.1 7.785
Er55Al25Co20 81.28 110.53 215.0 70.7 27.1 60.7 8.157
Ho55Al25Co20 82.28 109.24 210.0 66.6 25.4 58.8 7.888
Dy46Y10Al24Co20Fe2 88.99 103.02 214.0 64.2 24.4 58.5 7.046
Tb36Y20Al24Co20 95.44 93.26 222.0 63.6 24.0 60.5 6.583
Gd40Y16Al24Co20 90.84 95.39 218.0 62.2 23.5 58.0 6.486
Dy55Al25Co20 83.99 107.91 205.0 61.4 23.5 52.2 7.560
Tb55Al25Co20 81.73 105.94 203.0 59.5 22.9 50.2 7.488
(Mg65Cu25Gd10)99Ti1 107.87 47.00 275.7 52.3 19.9 47.8 3.940
Mg60Cu25Gd15 98.82 54.06 261.0 52.2 19.9 46.6 4.220
Nd60Al10Fe20Co10 69.11 106.30 190.8 51.7 19.8 44.3 7.018
Pr55Al25Co20 79.87 96.03 190.0 45.9 17.4 43.5 6.373
La55Al25Cu10Ni5Co5 79.85 95.38 183.0 41.9 15.6 44.2 5.836
Pr60Al10Ni10Cu20 59.49 105.82 160.0 37.2 13.6 45.2 6.875
Pr60Cu20Ni10Al10 59.28 105.82 160.0 37.2 13.6 45.2 6.900
Ce68Al10Cu20Co2 52.13 111.87 146.1 31.3 11.8 30.3 6.752
Ce70Al10Ni10Cu10 53.82 113.01 144.0 30.3 11.5 27.0 6.670
Yb62.5Zn15Mg17.5Cu5 58.32 125.39 131.0 26.5 10.4 19.8 6.516

Metalloid elements alloyed BMGs
Zr41Ti14Cu12.5Ni9Be22.5C1 100.96 59.48 335.0 105.6 39.5 107.8 6.171
Pd40Ni10Cu30P20 63.29 73.70 279.4 99.8 35.5 172.6 9.259
Pd40Ni40P20 61.93 72.24 292.0 108.3 38.6 185.1 9.413
Pd64Fe16P20 62.77 83.24 256.0 93.0 33.1 161.8 10.037
Ni80P20 75.98 53.15 324.0 102.8 36.9 159.0 8.133
Pd39Ni10Cu30P21 61.29 72.94 280.0 98.1 35.1 158.5 9.137
Pd77.5Si16.5Cu6 58.46 90.92 250.0 98.1 34.8 181.6 10.777
(Fe60Cr10Mo9C13B6Er2)95Cu5 103.65 53.43 451.4 191.3 72.8 171.4 7.921
Fe60Cr10Mo9C13B6Er2 104.85 52.90 471.0 205.5 79.2 169.1 7.916
Pd32Ni48P20 63.98 68.42 295.0 104.9 37.5 173.4 6.715
Fe48Cr15Mo14C15B6Er2 108.42 53.83 483.0 218.9 83.6 191.0 7.849
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softening in elastic moduli) of metallic glass. In fact, the typical Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMG can be
directly transformed to melt state by glass transition, and the crystallization process can be prevented
when the heating rate is above 200 K/s [663]. For lower heating rate, the crystallization intervenes in
the melting process of metallic glasses, and they cannot be directly transformed into melt state, the
melting process actually is the melt of crystallized phases. The elastic model explains the found Linde-
mann-like criterion for metallic glasses [664,665].

The elastic moduli correlations can distinguish bonding characteristic in metallic glasses [363]. The
bonding nature, which is of vital importance in determining the properties of condensed matter
including metallic glasses [666–670,675], depends mainly on the atomic packing structures and varies
for different systems especially for the systems that contain metalloid elements. By statistically anal-
ysis of 48 different kinds of typical metallic glasses (listed in Table 23), clear correlations between the
dimensionless ratio of glass transition temperature/Debye temperature (Tg/hD) and density (q), and
between Young’s modulus or shear modulus and Tg/q. The other 10 metallic glasses alloyed with met-
alloid elements, however, deviate markedly from the correlations as shown in Fig. 106. Both the two
characteristic temperatures of Tg and hD reflect the nature of the atomic bonding [56]. The alloying of
metalloid elements results in bigger density and larger hD in the metallic glasses and obvious deviation
from the correlation. The G and E of the 37 kinds of metallic glasses consisting of metallic elements
also show clear linear relationship with Tg/q as shown in Fig. 107a and b. And the metalloid-alloyed
metallic glasses also markedly deviate from the correlations and their elastic moduli tend to be larger.

The alloying of metalloid elements would induce some covalent-like bonds between the metalloid
and metallic elements which strengthens and shortens the atomic bonding. The metalloid and metal-
lic elements usually have large negative mixing heat which favors the formation of strong atomic
bonding [100]. Some of the small metalloid elements can also act as interstitial atom to cause the
dense structure. The density of an alloy also has close relation with its bonding characteristics such
as bonding length and angle. Thus, the density of the metallic glasses should differ from the weighted
average density of the component elements due to the atomic bonding in the glass, and the density
change reflects the bonding characteristics. Fig. 108 shows the difference between the measuring den-
sity qex, and the weighted average value qav, in the form of (qex � qav)/qav vs. Vmol(Vmol = M/qex, M is the
average molar mass). The qav is calculated according to: q�1

av ¼
P

ifiq�1
i (qi is the density of the ith crys-

talline compositional element; fi is the atomic concentration of the ith composition element). The data
of density of metallic glasses is from Table 23. The density variation of the BMGs with only metal com-
ponents is less than 8%. While the metalloid-alloyed systems show larger density variation deriving
from the large negative heat mixing between metalloid and metallic atoms. The alloying of white
phosphorus (q = 1.823 g/cm3) induces the largest density variation of about 17 � 27%. [If use violet
phosphorus (q = 2.340 g/cm3), the change decreases to around 7 � 15%.] This is due to the strength
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of the covalent bonds in the P alloyed metallic glasses is much stronger than the van der Waals’ force
in the white P crystal. Carbon, boron and silicon have strong bonds with the metallic elements, and the
length of the bonds would decrease when they are alloyed with metal elements, which is certified by
the increased of density. Even 1 at.% alloying of carbon in Zr-based BMG increases the density because
the small carbon atoms perform as interstitial atoms and would tighten the amorphous structure
[100]. Thus, the alloying of metalloid elements would tighten the amorphous structure by strengthen-
ing and shortening the atomic bonds, and increase the local packing density. Therefore, the different
bonding characteristics in metallic glasses can be explained and distinguished well via elastic moduli
perspectives.
14. Summary and outlook

The paper presents a comprehensive review of the elastic properties, elastic models and elastic per-
spectives of the metallic glasses, and would like to emphasize the key roles of elastic moduli in under-
standing the formation, glass transition and natures, structural characteristics, physical and
mechanical properties of metallic glasses, and in exploring novel metallic glasses.

Since the elastic moduli in isotropic metallic glasses are relatively easily measurable parameters
using various acoustic measurements, the elastic moduli and their composition, aging, pressure and
temperature dependence of metallic glasses are systematically investigated by using the various ultra-
sonic methods. Plentiful data of transverse and longitudinal acoustic velocities, density, elastic con-
stants, Debye temperature, Grueneisen constant as well as their composition, pressure and
temperature dependence of various metallic glasses and some typical non-metallic glasses have been
compiled, classified and compared.

A survey of the density, thermodynamic and kinetic, mechanical and physical properties, glass for-
mation, fragility, stability, relaxation, melting and crystallization of various metallic glasses available
are also presented for establishing the possible correlations among them and elastic moduli. It is found
that the static structural heterogeneity, anisotropy and subtle local atomic-scale structural change in-
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duced by composition variation, relaxations, pressure, temperature, and internal or external stress can
be effectively characterized by the readily measurable parameter of elastic moduli. The elastic moduli
such as Poisson’s ratio or shear modulus or bulk modulus show clear correlation with the atomic
structure of various metallic glasses, which indicates that the elastic moduli can be used as a probe
for detecting the microstructural characteristics and changes of the metallic glasses. The pressure
dependence of elastic moduli provides information of equation of state and anharmonic effects of
the metallic glasses, and the temperature dependence of elastic properties verifies that the viscosity
has a unique functional relationship with the isoconfigurational shear modulus which is related to fra-
gility of glass-forming liquids. The static structural inhomogeneous in metallic glasses and the stress
fluctuation can be well reflected by the local elastic modulus fluctuation. These indicate that even
though the microstructure of metallic glasses cannot be well characterized like crystalline alloys,
the elastic moduli are useful parameters for reflecting the microstructural change of the metallic
glasses induced by temperature, pressure, aging and mechanical deformation. This makes possible
establish the links between the microstructural change and physical and mechanical properties of
the metallic glasses. The correlation, to some extent, is useful for understanding the structure–prop-
erty relationship and allows getting insight into microstructure of the metallic glasses. The close links
between microstructure and elastic moduli can be applied to control many features and properties of
the metallic glasses through the controlling of the microstructure and composition.

It is found that a lot of features and properties of metallic glasses correlate remarkably well with
elastic moduli. Furthermore, the elastic moduli are closely correlated with the strong/fragile charac-
teristics of the glass-forming liquid, possibly also with glass-forming ability, and with the tough-
ness/brittleness of the metallic glasses. On the other hand, the elastic constants of BMGs show a
correlation with a weighted average of the elastic constants of the constituent elements. These corre-
lations go beyond simple chance results and, instead, their basis lies within the amorphous nature of
metallic glasses. Although the theoretical and physical reasons for these correlations are to be further
clarified, these close links between the thermodynamic, kinetic, elastic, and plastic properties of
metallic glasses appear to provide predictability for these apparently disordered systems at a level
that far exceeds that for their ordered crystalline cousins. The elastic moduli then can be regarded
as an indicator for predicting new bulk metallic glasses with controlled physical and mechanical prop-
erties and assist in selecting alloying components for controlling the properties and glass-forming
ability, and thus can guide new metallic glasses design. The feasibility for making metallic glasses with
specific elastic properties opens new realms of possibilities for fabrication of high precision tools (such
as surgery equipments, potential bone graft substitute and optic parts) and for hard disk drives rotat-
ing at very high speeds and micro- and even nano-scale manufactures. We present the understanding
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the found correlations for the metallic glasses, which would benefit improved structural simulation
based on ab initio and molecular dynamic calculations.

We introduce several phenomenological elastic models explaining the flow in glass-forming liquids
and metallic glasses. Based on the statistics studies of many different kinds of metallic glasses, we find
that average molar volume Vm of the metallic glasses is another critical parameter involved in both
homogeneous and inhomogeneous flows in glass. The flow activation energy of various glasses when
scaled with Vm, which is defined as flow activation energy density qE = DE/Vm, shows much better cor-
relation with the shear modulus G and bulk modulus K, and the qE of viscosity can be simply and
quantitatively expressed as: E(10G + K)/11. The proposed new extended elastic model for the flow in
glasses and supercooled liquids fits the experimental observations well and the physical origin of
the model is discussed. The model is suggestive for understanding the glass transition and deforma-
tion in metallic glass and may offer a simple scenario for explaining the some found correlations and
fundamental issues in metallic glasses.

We find that the activation of STZs and slow b-relaxations in metallic glasses are directly related
through elastic moduli, which indicates that many issues in metallic glasses such as the mechanical
deformation, relaxations and stability of glasses can be treated as flow or the change of their different
configurations. The plastic deformation or shear banding in metallic glasses can be regarded as a local-
ized glass to supercooled liquid transition induced by external stress. The flow can be modeled as acti-
vated hopping between inherent states across energy barrier in the potential energy landscape. The
energy barriers of the flow of both Newtonian and nonnewtonian metallic glass-forming liquids over
a broad range of rheological behavior are determined by the instantaneous elastic moduli scaled with
volume, and the variation in the configurational change or the flow events in glass or liquid induced
either by thermal excitation or mechanical deformation can be correlated to the variations in elastic
modulus. The K and volume have to be considered since a flow event requires a local volume increase.

To understand the liquids and glasses, the choice of the key concepts or parameters that connect
atomic structure with the properties is critical. The glass transition is the key phenomenon determin-
ing properties for glassy materials. It is usually described in terms of transport (e.g., viscosity) and/or
thermodynamic quantities. Based on a series of work and found correlations and elastic models, we
conclude that the elastic moduli, which can be readily measured by experiments such as acoustic
method and determined from interatomic potentials or directly from first principle, are key parame-
ters for developing, characterizing, toughening and understanding the metallic glasses. That is, they
are the key physical quantity controlling the main thermodynamic and kinetic, intrinsic static struc-
tural heterogeneity, mechanical and dynamic properties, and even glass-forming ability of super-
cooled liquids and glasses and bring about predictive capability. The elastic perspectives, which
consider all metallic glasses exhibit universal behavior based on a small number of readily measurable
parameters of elastic moduli, would provide insight into the understanding of the metallic glass and
help for designing new metallic glasses.

As a frontier of materials science and condensed matter physics, the metallic glass field is progress-
ing at a very fast pace. This presents a lot of unresolved issues and challenges and offers great oppor-
tunities for future study. It is too early to tell whether or not the elastic model and the elastic
perspectives can provide basically correct explanation of the glass formation, relaxation, deformation
mechanism of metallic glass. These ideas that calls for more careful and accurate experimental valida-
tion. The elastic property study and the understanding of metallic glasses based on the elastic perspec-
tives are likely to remain an active branch in this field for many years. It is believed that the metallic
glasses field is on the threshold of significant further advances that can transform our understanding
of the glassy state.
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