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We study the similarity and correlations between relaxations and plastic deformation in metallic

glasses (MGs) and MG-forming liquids. It is shown that the microscope plastic events, the initia-

tion and formation of shear bands, and the mechanical yield in MGs where the atomic sites are

topologically unstable induced by applied stress, can be treated as the glass to supercooled liquid

state transition induced by external shear stress. On the other hand, the glass transition, the primary

and secondary relaxations, plastic deformation and yield can be attributed to the free volume

increase induced flow, and the flow can be modeled as the activated hopping between the inherent

states in the potential energy landscape. We then propose an extended elastic model to describe the

flow based on the energy landscape theory. That is, the flow activation energy density is linear pro-

portional to the instantaneous elastic moduli, and the activation energy density qE is determined to

be a simple expression of qE ¼ 10
11
Gþ 1

11
K. The model indicates that both shear and bulk moduli

are critical parameters accounting for both the homogeneous and inhomogeneous flows in MGs

and MG-forming liquids. The elastic model is experimentally certified. We show that the elastic

perspectives offers a simple scenario for the flow in MGs and MG-forming liquids and are sugges-

tive for understanding the glass transition, plastic deformation, and nature and characteristics of

MGsVC 2011 American Institute of Physics. [doi:10.1063/1.3632972]

I. INTRODUCTION

The slow down of flow or glass transition phenomena,

which is a universal property of supercooled liquids when

they are cooled rapidly enough, have attract extensive stud-

ies due to their scientific significance for understanding the

nature of the condensed matter and wide applications.1–8 For

crystalline alloys, their properties and characteristics can be

understood in microstructure including the crystal structure,

the degree of order, and the contents and distributions of

defects such as dislocations and grain boundaries. While the

“many-body” random structural nature of glasses is quite dif-

ficult to be described or detected accurately like their crystal-

line counterpart.1–9 It is therefore a major challenge to

understand their formation and deformation and to establish

their structure-properties relationship. The recently devel-

oped bulk metallic glasses provide model glassy systems for

investigating the glass transition, properties, and plastic de-

formation of glasses.10–20

The systematical elastic property studies indicate that

the elastic moduli can be used as leading parameters for

understanding and describing the most fundamental issues in

MGs.15,17–20 The properties, formation, features, and plastic

flow of MGs show clear correlation with their elastic con-

stants.17 It is recently certified that the glass transition, relax-

ation, and homogeneous, and inhomogeneous deformation in

glasses might be all closely related to flow event controlled

by activation energy.7,13,16 It therefore desires to describe

and model the flows in MGs in elastic perspectives, which

will be helpful for establishing a united and simple physics

picture for the plastic deformation and glass transition based

on few readily measurable physical parameters such as elas-

tic moduli.

In this paper, the compelling experimental evidences are

shown to demonstrate that the plastic flow and the relaxa-

tions in MGs are directly related through elastic moduli. The

plastic events, shear banding, and mechanical yield are

actually the localized glass to supercooled liquid transition

driven by shear stress. Based on the experimental observa-

tions, the glass formation from solidification of liquid, the

mechanical deformation, relaxations, and stability of glasses

are treated as the flow phenomenon, and the flow is modeled

as the change of the configurations or activated hopping

between inherent states in the potential energy landscape. An

extended elastic model is proposed to describe both homoge-

neous flow in MG-forming liquids and inhomogeneous flow

in MGs. The elastic perspectives, which consider all MGs

and MG-forming liquids exhibit universal behavior based on

the readily measurable parameters of elastic moduli, are pro-

vided to understand the glass transition and plastic deforma-

tion in the MGs and MG-forming liquids.

II. EXPERIMENTAL

The bulk MGs samples were prepared by a copper mold

suction casting method and the amorphous ribbons were

obtained by melt spinning technique.20,21 The glassy nature

was identified by X-ray diffraction (XRD), and differential

scanning calorimetry (DSC) performed under a purified ar-

gon atmosphere in a Perkin-Elmer DSC-7. The MGs chosen

(listed in Tables I and II) had a wide range of glass transition

temperature, Tg and significantly different in physical and1Electronic mail: whw@iphy.ac.cn.

0021-8979/2011/110(5)/053521/15/$30.00 VC 2011 American Institute of Physics110, 053521-1

JOURNAL OF APPLIED PHYSICS 110, 053521 (2011)

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.3632972
http://dx.doi.org/10.1063/1.3632972
http://dx.doi.org/10.1063/1.3632972


mechanical properties.16,19,21The specific heat measurement

was performed in Perkin-Elmer DSC7 calibrated for temper-

ature and enthalpy at various heating rates with high-purity

indium and zinc under protection of a purified argon

atmosphere.

Dynamic mechanical spectroscopy (DMS) measurements

were performed using TA Inc. dynamic mechanical analyzer

(DMA) Q800 by single-cantilever bending method for rod

samples and film tensile method for ribbons in a nitrogen-

flushed atmosphere. The storage modulus E0 and loss modulus

E00 were measured by temperature ramp mode at a heating

rate of 2 K/min. Uniaxial compression tests at room tempera-

ture (RT) were performed on an Instron 5500R1186 machine.

Tests were carried out in a constant-crosshead-displacement-

rate controlled manner. The samples with gauge aspect ratio

(height/diameter) of 2:1 were cut out of the as-cast rods, and

the two ends were polished to make them parallel to each

other prior to the compression test. For each sample, sets of

five measurements are repeated in compression tests.

Elastic moduli of the MGs were monitored using ultra-

sonic method. The amorphous rod (u¼ 3–8 mm) was cut to

a length of about 8 mm, and its ends were carefully polished

flat and parallel. The acoustic velocities (longitudinal and

transverse velocities vl, vs) were measured using a pulse echo

overlap method by a MATEC 6600 model ultrasonic system

with a measuring sensitivity of 0.5 ns.16 The excitation and

detection of the ultrasonic pulses were provided by X- or Y-

cut (for longitudinal and transverse waves, respectively)

quartz transducers. The frequency of the ultrasonic is 10

MHz. The density was determined by the Archimedean tech-

nique and the accuracy lies within 0.1%. The velocities

measurements were repeated for the each sample for several

times to examine the reproducibility and minimize error.

Elastic constants (the Yong’s modulus E, the shear modulus

G, and the bulk modulus K and Poisson’s ratio v) were

derived from the density and acoustic velocities as follow:

G¼qvs
2; K¼q (vl

2 – 4/3 vs
2); v¼ q(vl

2 – 2vs
2)/2(vl

2 – vs
2);

E¼ 2 G(1þ v).

III. RESULTS AND DISCUSSION

We start from the investigation of the relationships

among the microscope plastic events, plastic deformation,

yield, relaxations, and glass transition. Microscopically, the

plastic deformation of MGs is regarded as a consequence of

formations and self-organizations of shear plastic flow

events. The shear transformation zone (STZ) theory11 was

proposed to model the plastic events of MGs, which suggests

TABLE I. Data of average atomic volume v*, Poisson’s ratio �, shear modulus G, Debye frequency f, and yield stress ry, and the critical stress rc of various

MGs (Refs. 13, 14, 16, 20 and 34).

Alloy composition v* (10�29m3) v G (GPa) f (1012Hz) ry (GPa) rc (GPa)

1. Ca65Zn16.5Mg8.5Li10 3.362 0.306 8.9 4.595 0.53 0.33

2. Ce70Al10Ni10Cu10 2.813 0.313 11.5 2.997 0.65 0.41

3. La55Al25Cu10Ni5Co5 2.639 0.342 15.6 3.773 0.85 0.50

4. Mg65Cu25Gd10 1.949 0.320 18.6 5.539 0.98 0.63

5. La55Al25Co20 2.718 0.327 15.4 3.769 0.99 0.48

6. Au55Cu25Si20 1.767 0.417 24.6 3.837 1.00 0.83

7. Pr55Al25Co20 2.502 0.324 17.4 3.927 1.01 0.53

8. Au49.5Ag5.5Pd2.3Cu26.9Si16.3 1.748 0.406 26.5 4.093 1.20 0.86

9. Pt60Ni15P25 1.413 0.420 33.8 4.274 1.40 1.09

10. Cu46Zr54 1.711 0.391 30.0 5.401 1.40 0.90

11. Pt57.5Cu14.7Ni5P22.8 1.437 0.434 33.4 4.302 1.45 1.09

12. Pd77.5Cu6Si16.5 1.452 0.409 31.8 5.040 1.50 1.03

13. Pd64Ni16P20 1.376 0.405 32.7 5.277 1.55 1.07

14. Zr57.5Nb5Cu15.5Ni12Al10 1.959 0.379 30.8 5.654 1.58 0.84

15. Cu46Zr42Al7Y5 1.698 0.364 31.0 5.630 1.60 0.89

16. Zr55Ti5Cu20Ni10Al10 1.852 0.375 31.0 5.724 1.63 0.86

17. Zr64.13Cu15.75Ni10.12Al10 1.939 0.377 28.5 5.415 1.69 0.81

18. Pd60Cu20P20 1.405 0.409 32.3 5.295 1.70 1.06

19. Pd40Cu30Ni10P20 1.319 0.399 34.5 5.725 1.72 1.12

20. Pd40Cu40P20 1.325 0.402 33.2 5.609 1.75 1.10

21. Zr46.75Ti8.25Cu7.5Ni10Be27.5 1.648 0.359 35.2 6.845 1.83 0.96

22. Zr41.2Ti13.8Ni10Cu12.5Be22.5 1.690 0.352 34.1 6.542 1.86 0.92

23. Cu57.5Hf27.5Ti15 1.555 0.356 37.3 5.428 1.94 1.01

24. Zr48Nb8Ni12Cu14Be8 1.705 0.367 34.3 6.146 1.95 0.93

25. Cu64Zr36 1.513 0.352 34.0 5.791 2.00 0.98

26. Zr55Al19Co19Cu7 1.900 0.352 37.6 6.438 2.20 0.90

27. Cu50Hf43Al7 1.667 0.358 42.0 5.341 2.20 1.03

28. Ni45Ti20Zr25Al10 1.596 0.359 40.2 6.952 2.37 1.03

29. Ni40Ti17Zr28Al10Cu5 1.615 0.349 47.3 7.453 2.59 1.09

30. Ni60Nb27.2Ta6.8 Sn6 1.436 0.357 59.4 7.283 3.50 1.30

31. Ni60Nb35Sn5 1.416 0.385 66.3 8.024 3.85 1.41

32. Fe53Cr15Mo14Er1C15B6 1.292 0.320 75.0 9.742 4.20 1.47
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that a flow event is initiated from rearrangements of atoms in

local regions, which contain tens of atoms.11,12 The self-

organization of the STZs forms the shear bands, and the

propagation of the shear bands induces the yield, cracks, and

the failure of the MGs.10

The underlying relaxations of glassy materials and

supercooled liquids are governed by two main processes, the

primary relaxation (a-relaxation) and the secondary relaxa-

tion (slow b-relaxation).4 The a-relaxation involves large

scale rearrangements of materials, and the activation of

which makes the liquid flow. The a-relaxation is the princi-

pal source of information about the dynamics of glassy state,

and the underlying flow during glass transition is mainly

governed by the kinetic process of the a-relaxation. The slow

b-relaxation,22 which has been proved to be an intrinsic and

universal feature of MGs, is regarded as a unit event of a-

relaxation and is usually related to localized translational

motions with cooperative nature, a reminiscent of plastic

events in MGs. Experimentally, the activation energy of the

b-relaxations of MGs, Eb, can be determined either by DSC

or by DMS.23,24

Theories and models relate yielding and plastic defor-

mation of glassy materials to their relaxations.13,25,26 It is

considered that the cooperative motions of atoms that are re-

sponsible for b-relaxation accommodate the deformation. In

some polymer glasses, the transition of deformation modes

(e.g., from brittle to ductile) often correlated with the b-

relaxations.27 The activation of isolated STZ is assumed to

be associated with the b-relaxation,13,28 while more experi-

mental evidences are need to confirm the ideas in MGs.

A. Relations among the yield, plastic deformation,
relaxation, and glass transition in MGs

1. The characterization of yielding in MGs

For crystalline materials, the onset of yielding marks the

motion of dislocations at the atomic scale.29 When a shear

stress s is applied to a material, two internal stresses will

respond: long-range internal stress sG, which is mainly deter-

mined by the shear modulus G, and short-range internal

stress sp, which mainly comes from the Peierls stress.29 In

the case of MGs, since there is no long-range ordered micro-

structure, the long-range internal stress is absent and only the

short-range stress operates. A malleable MG, when com-

pressed or rolled, can flow plastically under macroscopic

yield stress ry due to the absence of strain hardening.
29 There

have been sporadic reports that the onset of yielding in MGs

actually takes place below the experimentally macroscopic

yield strength,30 and the plastic deformation could proceed

at 0.9ry at RT without apparent formation of shear

bands.30,31 However, the nature of yielding in MGs received

little attention and remains unclear yet. We reexamine the

concept of elastic strain and the onset of yielding of the MGs

based on the free volume model.12 The aim is to understand

the yield and its relation with the transition between the glass

and its supercooled liquid. A critical value of free volume is

found to be a sufficient condition for the yielding, which is

similar to the critical value change of free volume during

glass transition in MGs.32–34

The reduced free volume (RFV) is defined as,

x ¼ Vf=aV�, where Vf is the average free volume per atom, a

is a geometric factor between 0.5 and 1, V* is the critical

volume of an atom. Then, the net rate of increase of the aver-

age free volume per atom, vf, is the difference between the

increase rate of Vf caused by shear-induced dilatation and the

decreasing rate of Vf caused by diffusion-induced

annihilation:12

_x ¼ f

aV� expð�
DGm

kBT
Þ expð� 1

x
Þ

2kBT

S

1

x
coshð sV

�

2kBT
Þ � 1

" #

� V�

nD

( )

; ð1Þ

where f is the frequency of atomic vibration; kB, the Boltz-

mann constant; T, the temperature, V
�
, the atomic volume

(�1.25V*); DGm is the activation energy of atomic motion;

and S ¼ 2
3
G 1þ�

1��, where v is Poisson’s ratio, nD is the number

of diffusive jumps to annihilate a free volume equal to V*,

which is between 1 and 10.

For most bulk MGs, they have a density difference of

�1% compared to that of their crystalline counterpart.5,12,16

If the increment of density is entirely ascribed to the annihi-

lation of free volume, the x0 for most MGs would be in the

order of �1%. (The a is then taken to be 1.) While the initial

value of RFV x0 is adopted to be 2.2% here for two rea-

sons:32 (1) A smaller x0, for example, 1.0% or 1.5% needs a

geological time scale for the evolution of FRV to produce a

change, which is inconsistent with experimental observa-

tions; (2) the probability p(x)dx of finding an atom with RFV

between x and xþ dx ispðxÞdx ¼ c1 expð�c2xÞdx (Ref. 12),

where c1and c2 are constant. We have checked the critical

value xc depending on the change of the initial value of RFV

x0 in Zr- and Cu-based MGs, and find that xc is independent

of the change of x0.

The numerical calculated results of Eq. (1) using the pa-

rameters listed in Table I for typical Fe53Cr15Mo14Er1C15B6

(Fe-MG), Zr55Ti5Cu20Ni10Al10 (Zr-MG), and Pt57.5Cu14.7-
Ni5P22.8 (Pt-MG) with DGm¼ hf (h is Planck constant), a¼ 1

and nD¼ 3 are shown in Fig. 1. It can be seen that the RFV

sharply increases (becomes diverge) when it reaches a criti-

cal value of �2.4%. The numerical result is independent of

the chemical composition and mechanical parameters as well

as the DG, nD, a, and x0 of different MGs. In other words, a

critical value of xC� 2.4% for the onset of yielding appears

to fit for various MGs. The increase in free volume over xC
will drastically reduce the viscosity the alloy12 and causes the

flow of the MG. This result has also been confirmed by mo-

lecular dynamics simulation and elastostatic compression.31

Since a MG is expected to yield as the RFV reaches the

critical value xC, this indicates that the effective stress may

not necessarily correspond to the experimentally measured

macroscopic yield strength. To confirm the prediction, the

evolution of x during deformation in Eq. (1) is checked. Dur-

ing deformation, the free volume gradually increases (i.e.,

_x > 0) until it reaches xC, at which _x ¼ 0 and the shear stress

s reaches a critical value sC determined from Eq. (1) as12
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sc ¼
2kT

X
cosh�1 xCS

2kT

V�

nD
þ 1

� �

: (2)

Substituting xC� 2.4% into Eq. (2), the sc can be obtained

(nDand T taken to be 3 and 300 K, respectively). The calcu-

lated rc (rc� 2sc) and ry of a number of MGs are listed in

Table I. It is apparent that rc < ry, the prediction is consist-

ent with the experimental observations that the very stress

for the onset of yielding is usually smaller than the macro-

scopic yield strength.30,31,35 This demonstrates that when an

applied stress satisfying Eq. (2), x will grow to �2.4%, and

the MG will yield provided it is loaded for sufficiently a long

time. Even in crystalline alloys, the value of x cannot exceed

a maximum value of xm either, because the alloy would

transit into liquid state or suffer a failure when x> xm. There-

fore, if x> xC, the MGs would be in the supercooled liquid

state.12,36

The existence of critical RFV value xc at yield of MGs

can be understood in the viscosity point of view. The relation

between free volume and viscosity of MG-forming liquids is

expressed as:12 g / expð1=xÞ. Thus, the existence of a uni-

versal xC� 2.4% for the onset of yielding indicates that there

is a critical viscosity value gc for glass transition in MGs. In

fact, at Tg, the viscosity of various liquids get to g(Tg)¼ 1013

poise,1 which is independent of materials. This indicates that

the yield is similar to the transition from glass state to its

supercooled liquid state. When a MG is uniaxially com-

pressed or stretched at RT and if the applied stress exceeds

rc, x will increase to xC, and the viscosity is then much

decreased and the shear flow or the initiation and subsequent

development of shear bands occurs in the MGs.

2. The characterization of the transition from MGs to
supercooled liquids

Next, the features of the transition from MG to super-

cooled liquid in different MGs with markedly different phys-

ical and mechanical properties14,16,19,20 (listed in Table II)

are investigated. The value of steps of specific heat capacity

(DCp) during glass transition in a variety of MGs was deter-

mined as the temperature of intersection between the extrap-

olated lines of the glass Cp and the rapidly rising Cp during

the glass transition, and the DCp was the difference between

the extrapolated Cp values of the supercooled liquid state

and the glass state at Tg (see inset of Fig. 2).

The data of DCp and Tg for 43 MGs are list in Table II

and drawn in Fig. 2. One can see DCp is around 12.9 (61.0)

J�mol-1�K-1 and almost invariable for the different MGs. I

note that some data of the specific heat difference between

undercooled liquid and glass are different from that reported

in Ref. 33. This is due to in Ref. 33, the data collected from

different groups and different literatures from our group,

there are systematical errors. In this paper, we then remeas-

ured the data and to reduced the systematical errors. This is

the reason why the present data have minor differences com-

pared to that of Ref. 33.

It is noted that specific heat at Tg has been previously

reported by other groups in vit1, Mg-Cu-Y, Pd-Ni-Cu-P bulk

MGs.38–42 They provided equations for the specific heat as a

function of temperature.38–42 Here, we only focus on the dif-

ference of Cp at Tg between glass and supercooled liquid

states. When one carefully checks the difference of Cp in

their work using our method, one can find that their results

are actually similar to ours. The minor difference could

result from effects of the thermal effects of the physical

aging (overshoot) and the crystallization in undercooled liq-

uid on the Cp measurement by DSC. According to Eyring’s

theory,37 the invariable DCp in MGs can be explained by the

critical free volume change during the glass transition. The

heat capacity of glass can be assumed to consist of two com-

ponents, Cp-total¼Cpv – Cph. It is only the latter part that

accounts for DCp. As proposed by Eyring, Cph is expressed

as37

Cph ¼
RVo

Vh

eh

RT

� �2

e�eh=RT ; (3)

where V0 is the average atomic volume, Vh is the volume of

a hole, and �h is the excess energy needed to form such a

hole, and R is the gas constant. According to the Eyring’s

model,37 V0/Vh � 5 - 6 and �h/RTg � -lnxc. The RFV x is

defined as the fraction of the total holes volume in the glass

or liquid state. At Tg, the x is a critical value xc. Taken

DCp¼Cph¼ 12.90 J�mol-1�K-1 and V0/Vh¼ 5 during glass

transition, we get the critical free volume xc is 0.024. This

indicates that the glass transition for MGs corresponds to the

state where the fraction of the free volume reaches a critical

value of 0.0238. The value is also very close to the above

critical RFV value for the onset of yielding in MGs. That is,

there is existence of a universal critical value of

xC� 2.4%6 0.2 for both of the onset of glass transition and

yield for various MGs. It is recently found that a universal

FIG. 1. (Color online) (a) The evolution of RFV in three typical Fe-, Zr-,

Pt-MGs under shear with time with the parameters a¼ 1 and nD¼ 3. (b) The

calculated critical values of reduced free volume xc for 32 MGs listed in

Table I.
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scaling law that uncovers an inherent relationship of yield

strength sy with Tg of MGs.43–46 All the results demonstrate

that there is an intrinsic correlation between yielding and

glass-liquid transition, and the yielding of MGs is intrinsi-

cally associated with the glass transition.

Some similar critical behaviors have been found in

MGs. For example, a Lindemann-type criterion for glass

transition in MGs has been reported.16 It is also found that

the glass transition occurs when the G decreases to 85% of

the shear modulus at 0 K, that is, G(Tg)¼ 0.85G(0 K). The

existence of a universal critical value of xC� 2.4% for the

onset of yield and glass transition for various MGs is consist-

ent with the found critical behaviors and the Lindemann-

type criterion. The formation of free volume in liquids or

glasses is related to the limiting mean-root-square displace-

ment of a kinetic unit (an atom or a group of atoms) from an

equilibrium position. Thereby, the critical RFV during the

glass transition in the MGs characterizes a critical atom dis-

placement, above which the structure of the MG would be

disintegrated. According to the harmonic Debye model, the

mean-square thermal displacement is proportional to T/

mahD
2 (where ma is the molar mass and hD is the Debye tem-

perature). Owing to the critical atom displacement at Tg, the

Tg/mahD
2 should have a critical value for MGs.16

The results would be helpful for providing a simple pic-

ture for understanding the glass transition and yielding as a

united issue. For MGs, the free volume was thought to be

evenly distributed in the materials. The packing density

around the free volume is lower than the surroundings.

Therefore, these regions combine weakly and become the

preferred sites where the MGs become instable caused by

increasing temperature (glass transition) or applied stress

(yielding) because both yielding and glass transition occurs

when the reduced free volume evolutes to arrive at a similar

critical value. Recent experimental observations and com-

puter simulations indeed indicate that the yield point of MGs

corresponds to the destabilized propagation by the percola-

tion of a large number of local shearing events with a critical

shear strain, c0.
11,16,17,47 The transition from local shearing

events to macroscopic yield results from the dramatic

increase of the atom mobility and softening motivated by the

input of mechanical energy that could be both applied tem-

perature or stress.48,49 The yielding of MGs then can be

TABLE II. The composition, glass transition temperature Tg, and steps in heat capacity CP of 45 kinds of MGs (Refs. 14, 19, 20, 33, and 45).

Name

Tg (K)

(62 K)

CP (JK
�1mol�1)

(61.5 JK�1mol�1) Name Tg (K) (62 K)

CP (JK
�1mol�1)

(61.5 JK�1mol�1)

Ce68Al10Cu20Co2 351 12.6 Pr55Al25Co20 500 12.7

(La0.1Ce0.9)68Al10Cu20Co2 353 12.7 La55Al25Co20 526 13.4

(La0.2Ce0.8) 68Al10Cu20Co2 355 12.6 Nd55Al25Co20 541 12.8

(La0.3Ce0.7) 68Al10Cu20Co2 357 13.5 Pd40Ni40P20 570 13.7

(La0.4Ce0.6) 68Al10Cu20Co2 360 12.9 Pd40Cu30Ni10P20 571 13.7

(La0.5Ce0.5) 68Al10Cu20Co2 362 13.4 Sm40Y15Al25Co20 585 12.7

(La0.6Ce0.4) 68Al10Cu20Co2 362 12.5 Gd55Al25Co20 601 13.4

Au60Cu15.5Ag7.5Si17 365 12.9 Tb55Al25Co20 619 12.9

(La0.8Ce0.2) 68Al10Cu20Co2 366 13.1 Zr58.5Cu15.8Ni12.5Al10.3Nd7.8 630 12.7

(La0.7Ce0.3) 68Al10Cu20Co2 366 12.9 Dy55Al25Co20 632 12.8

(La0.9Ce0.1) 68Al10Cu20Co2 367 13.4 Y55Al25Co20 638 12.7

La 68Al10Cu20Co2 374 13.4 Zr46.75Ti8.25Cu7.5Ni10Be27.5 640 12.9

Ca65Mg15Zn20 375 13 Pd77.5Cu6Si16.5 640 12.7

Ce62Al10Cu20Co3Ni5 378 13.4 Zr65Al7.5Ni10Cu17.5 650 12.5

Zn40Mg11Ca31Yb18 400 13.2 Ho55Al25Co20 651 12.6

La62Al14Cu20Ag4 404 13.4 Zr65Cu15Ni10Al10 652 12.8

Mg65Cu25Tb10 413 13.5 Zr55Al10Ni5Cu30 682 12.8

Mg65Cu25Sm10 416 13.2 Zr55Cu25Ni10Al10 685 13.3

Mg65Cu25Gd10 417 13.3 Cu46Zr46Al7Gd1 700 12.9

Mg65Cu25Ho10 417 12.6 Cu46Zr46Al8 701 13.3

Mg65Cu25Y10 418 12.9 Zr50.7Cu28Ni9Al12.3 719 12.9

La57.6Al17.5Cu12.4Ni12.5 435 13.1 Zr44Cu44Al6Ag6 722 13.1

La55Al25Ni5Cu10Co5 455 12.8

FIG. 2. (Color online) Plots of the glass transition temperature Tg and the

excess specific heat of the various MGs listed in Table II. The inset shows

how the difference of the specific heat is determined.
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rationally presumed as a critical point at which the accumu-

lated internal energy by elastic deformation is high enough

for the transition from glass state to supercooled liquid state.

It is suggested that one can unjam the jamming systems (the

jammed systems include glass, grains, bubbles, droplets dis-

ordered systems) by raising temperature, applying a stress or

decreasing the density.50 Based on above experimental

observations, it is proposed that temperature, stress, and

decreasing density are equivalent approaches for fluidizing

MGs.51 The formation, deformation, and glass transition in

MGs can be treated as the flow phenomenon.

3. Correlation between glass transition and plastic
deformation in MGs

The underlying flow during glass transition is mainly

governed by a kinetic process of the a-relaxation.1–4 On the

other hand, when an external stress beyond yielding strength

is applied to MGs, the homogeneous or inhomogeneous flow

(plastic deformation) occurs. Theories and models were of-

ten separately developed to understand the temperature

induced flow associated with glass transition and the stress

induced flow related with plastic deformation. Growing sim-

ulation and experimental evidences have suggested that glass

transition and plastic deformation could be connected in

MGs,28,33,38,48,52 while more clear experimental evidences

are needed to verify if there exists an intrinsic connection

between the two fundamental issues in MGs. The effective

activation energy of homogeneous plastic deformation and

glass transition in various MGs are studied to check the con-

nection between the two fundamental issues.

The deviation of a-relaxation from Arrhenius relation

g¼ g1exp (Ea/RT) can be quantified by the fragility index m

as1

m � @ logðg=g1Þ
@ðTg=TÞ

�

�

�

�

T¼Tg

; (4)

where g1 is the high-temperature limit of viscosity, Ea effec-

tive activation energy of a-relaxation or glass transition. The

dramatic slow down in g when temperature approaches Tg
can be characterized by fragility. A pronounced non-

Arrhenius liquids is characterized by large m value and

called “fragile.” While materials with small m values are

“strong” glass, and their a-relaxation behaviors are close to

the Arrhenius type. Metallic glasses with m value ranging

about 30–60 belong to the intermediate fragile glasses.16 If

however, the Arrhenius relation is nevertheless used to

depict the a-relaxation, the Ea must be temperature depend-

ent, combination with Eq. (4), the Ea at Tg would be

EaðTgÞ ¼ mRTg lnð10Þ: (5)

The m dependent Ea(Tg) characterizes the maximum energy

barrier a MG should overcome when heated from glass

onward to supercooled liquid state. Intriguingly, in MGs, the

m is found to correlate with the glass forming ability,53 the

behavior of the b-relaxation,24,54 and the high frequency dy-

namics of atomic vibration (Boson peak).55 Remarkably, the

m is also recognized as the indicator of ductility of MGs.14

While at high temperature (>�0.8 Tg) and within the

supercooled liquid region, MGs can be deformed either by

non-Newtonian or Newtonian homogeneous deformation

depending on the strain rate. Although the low temperature

inhomogeneous deformation mechanisms of MGs are poorly

understood, the homogeneous deformation is amenable to

statistical modeling using the transition rate theory.10 For

example, in the framework of plastic deformation theory, the

constitutive law for T and shear stress s dependent shear

strain rate _c is10,11

_c ¼ a0t0c0 exp
�Q

kT

� �

sinh
sV

kT

� �

; (6)

where a0 incorporates the fraction of material that is avail-

able to deform via activated process,10 v0 attempt frequency

of a flow unit on the order of Debye frequency, Q the activa-

tion energy, c0 the characteristic strain of a operated plastic

unit, V*¼ c0X the activation volume with X the characteris-

tic volume of a flow unit. Equation (6) is not theory spe-

cific10,56 and other models such as STZ theory, free volume

theory,12 and Eyring’s theory26 also give the similar equa-

tions with different interpretations of the prefactors. For a

specific T, the common expression of _c versus s is

_c ¼ A sinhðBsÞ, where A and B are T dependent fitting pa-

rameters, A ¼ a0�0c0 expð�Q=kTÞ and B¼V*/kT. Assuming

a0 is T independent, then the plot of ln(A) versus 1/T of the

data gives Q values.

Figure 3(a) shows compressive strain rate-stress-temper-

ature deformation diagram for a Zr41.2Ti13.8Cu12.5Ni10Be22.5
(vit1, Tg� 613 K) MG (Refs. 10 and 56) over a broad range

of temperature [from 517 K (far below its Tg) to its super-

cooled liquid region]. The relation r ¼
ffiffiffi

3
p

s is used,10 where

r is compressive stress. Figure 3(b) shows a plot of ln(A)

versus Tg/T for vit1 in the T range from glass state to super-

cooled liquid state and gives Q � 4906 20 kJ/mol � 97RTg.

The activation volume is estimated to be V* � 956 15 Å3.

The Q and V values are consistent with the results of Schuh

et al. (Q� 4.6 eV or 445 kJ/mol, and V*~75 Å3),10 and the

values are almost T independent. Furthermore, the value of

Q/RTgln(10) �426 3 is very close to the fragility index of

vit1, m � 456 5 (kinetic m¼ 50 and thermodynamic

m¼ 39).17 This result implies that the activation energy of

homogeneous deformation in vit1 is equivalent with its

effective activation energy of a-relaxation at Tg, that is

Q � EaðTgÞ: (7)

To investigate whether Eq. (7) stands in other MG systems,

we collect the available data of Q and m from literatures56–63

for different MGs and estimate their Ea(Tg) using Eq. (5). All

the available data are listed in Table III. Figure 4 shows a

plot of Q versus Ea(Tg) for various MGs. Clearly, the data

reveal nearly a one-to-one correspondence between Q and

Ea(Tg) that extends over a broad range. A least square linear

fit gives a correlation coefficient about 0.93 and the slope of

the fitted line is about 1.46 0.3. This suggests a clear corre-

lation between Q and Ea(Tg) and the validity of Eq. (7). The

above result is not unexpected, since homogeneous deforma-

tion is often regarded as a process of balancing between
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stresses driven free volume creation and relaxation induced

free volume annihilation.10 From the energy landscape per-

spective, the Newtonian homogeneous deformation is

regarded as thermally activated flow, where energy barriers

are overcome entirely by thermal fluctuations.28,43,52,63

Besides, in the high temperature and low stress limit

_rflow ¼ 3g, mechanical experiments and viscosity measure-

ments are equivalent in determining the activation energy.

Under this condition, Eq. (7) should strictly hold. The corre-

lation between plastic deformation and a-relaxation via acti-

vation energy unequivocally demonstrates the similarity

between the plastic deformation and thermally driven glass

transition. Very recently, a new bulk MG that has very low

elastic modulus (G¼ 6 GPa) was developed.64 Due to the

low flow activation energy of the MG, the glass transition or

homogenous flow can be realized by applied stress at RT,

which confirms the similarity of plastic flow and glass transi-

tion in MGs.

B. Correlation between the activation of plastic events
and b-relaxations in MGs

In microscopic scale, the plastic deformation of MGs is

accommodated by a consequence of formations plastic

events involved in the rearrangement of tens of atoms and

self-organizations of the plastic events. The plastic event is

modeled as shear transformation zone, STZ,11 and the STZs

are regarded as the microscopic unit event of shear banding

and yielding. The slow b-relaxation3 is usually related to

localized motions with cooperative nature, a reminiscent of

STZs in MGs and is the microscopic unit event leading to

primary a-relaxation. The activation energy of the b-relaxa-

tions of MGs Eb is experimentally determined either by DSC

or by DMS.23,24,65 Next, the correlation between the micro-

scopic unit event of shear banding and yielding (plastic

units) and the microscopic unit event leading to primary a-

relaxation (the slow b-relaxation) in MGs is investigated.

The DMS measurements were performed on MGs with

varied testing frequency f. Table IV summarizes available

data of Eb and Tg for various MGs,23,24,54,66 which covers

more than 20 individuals from 10 typical MG systems.

Figure 5(a) shows the plot of Eb against RTg of these MGs.

An approximately linear relationship of Eb � 26(6 2)RTg is

obtained. The similar empirical relationship between Eb and

Tg in the form of Eb � 24RTg had also been found in nonme-

tallic glasses.11

The potential energy barrier for an unsheared STZ can

be estimated as:13 W¼ (8/p2)Gcc
2fX, where X the average

volume of an STZ, cc � 0.027 the average elastic limit, and

f � 3 a correction factor arising from the matrix confinement

of a “stressed” STZ.13,49 Let X¼ nCfVa, where Va¼M/(qN0)

the atomic volume, N0 Avogadro’s number, r density, and M

FIG. 3. (Color online) (a) The strain rate-stress-temperature diagram for

Zr41.2Ti13.8Cu12.5Ni10Be22.5 (vit1, Tg� 613 K) MG (Ref. 51), the solid

curves are fitted in the form _c ¼ A sinhðBrÞ where r ¼
ffiffiffi

3
p

s is the compres-

sive stress (Ref. 10). From the fitting, A and B can be determined. (b) Arrhe-

nius plot of ln(A) vs Tg/T for vit1. The solid line is a least square linear fit.

TABLE III. Data about the activation energy of steady state homogeneous

deformation Q, glass transition temperature Tg, fragility index m, and esti-

mated effective activation energy of a-relaxation Ea for typical MGs (Refs.

56–62).

MG Q (kJ/mol) Tg (K) m (65) Ea(Tg) (kJ/mol)

Zr41.2Ti13.8Cu

12.5Ni10Be22.5

445 613 45 492

Zr52.5Al10Cu22Ti2.5Ni13 521 659 40 505

Pd41Ni10Cu29P20 871 576 60 662

Mg65Cu25Y10 277 425 35 285

Zr55Cu30Al10Ni5 405 678 35 454

Zr49Cu46Al5 660 694 45 598

Cu47.5Zr47.5Al5 654 702 45 605

Zr65Cu15Al10Ni0 375 652 30 374

Pd40Ni40P20 665 597 50 571

La55Al25Ni20 267 479 40 362

Ce70Al10Cu20 130 366 28 195

FIG. 4. (Color online) Relationship between activation energy Q of steady

state homogeneous deformation and effective energy barriers Ea of a-

relaxation.
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molar mass, Cf �1 – 2, as suggested by Falk et al.,15 is a free

volume parameter. The n is estimated to be about �100 -

300 [Refs. 13 and 17]. The molar potential energy barrier for

an unsheared STZ is

WSTZ ¼ N0W ¼ 8

p2

� �

nGc2cfCfVm; (8)

where Vm¼N0Va is the molar volume. Taking Cf¼ 1.12,
n¼ 200, we get: WSTZ � 0.397GVm. The relevant data of G,

Va, and GVm and estimated WSTZ for more than 40 different

MGs are collected in Table V.16,17,20,28,45,67–74

Figure 5(b) exhibits a plot of the WSTZ versus the Eb for

the MGs listed in Table V. The data reveal nearly a one-to-

one correspondence between Eb and WSTZ that extends over

a broad range of MGs. The least square linear fitting line

(with a correlation coefficient about 0.90) roughly passes

though the point of origin with a slope of 0.996 0.08, which

confirms that Eb � WSTZ. This linear relationship is further

verified to hold in individual system of MGs with varying of

composition (such as Zr-, Cu-, Fe-, and rare-earth based

MGs).28,71 Therefore, the above results confirm that activa-

tion of STZs and the b-relaxations are directly correlated. As

GVm is a measurement of the energy barrier of STZs and RTg
measures the activation energy of the b-relaxation, one can

readily use GVm and RTg, which are easily measurable pa-

rameters, to characterize the events of STZs and the b-relax-

ations in MGs.

This generalized correlation in essence is a manifesta-

tion of the close relationship between activation of STZs and

b-relaxation.28 It is believed that the b-relaxation relates to

the dynamical heterogeneity in glasses.1,3 On the other hand,

there is general consensus that the potential STZs are

nucleated around the sites of free volumes.1–3 This picture is

validated by the experimental observations that some bulk

MGs consist of the weakly bonded regions (or soft regions)

and strongly bonded regions (or hard regions)74–76 and the

heterogeneous structure benefit the plastic deformation of

these MGs. Therefore, the b-relaxations, similar to the events

of potential STZs, could take place in the loosely packed

regions, where the local translational atomic motions can be

readily activated compared with that in closely packed

regions, and the structural heterogeneity is the common

structural origin of events of STZs and the b-relaxations.

The b-relaxation in MGs 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 induced by the thermal fluctuations, 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 are induced by

external shear stress.28 Therefore, in microscopic scale, the

plastic flow unit of MGs is closely related to the unit event

of the relaxation, the b-relaxation.

TABLE IV. Activation energy of b relaxation Eb, Tg, of different metallic

glasses. In DMS, the Tg was determined at the testing frequency of 1 Hz

(Refs. 23, 24 and 66).

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

La70Ni15Al15 93 441 DMS

La60Ni15Al25 100 475 DMS

La50Ni15Al35 110 534 DMS

La55Al15Ni10Cu10Co10 89 446 DMS

Cu47Zr47Al6 155 700 DMS

Cu45Zr45Al10 153 703 DMS

Zr46.75Ti8.25Cu7.5Ni10Be27.5 118 648 DMS

Zr64.13Cu15.75Ni10.12Al10 112 646 DMS

Zr57Cu15.4Ni12.6Al10Nb5 135 663 DMS

Tm39Y16Al25Co20 151 657 DMS

La55Al25Ni20 110 493 DSC

Pd40Ni10Cu30P20 129 575 DMS

Zr46.75Ti8.25Cu7.5Ni10Be27.5 138 628 DMS

Zr65Cu15Ni10Al10 131 654 DMS

(Cu50Zr50)92Al8 174 692 DMS

La57.5(Cu50Ni50)25Al17.5 92 435 DMS

(Fe85Ni15)83P17 134 650 DSC

(Fe85Cr15)83P17 150 720 DSC

(Fe85V15)83P17 162 728 DSC

(Fe85Mo15)83P17 189 754 DSC

(Fe75Ni25)83P17 111 640 DSC

(Fe75Co25)83P17 146 685 DSC

(Fe75Mn25)83P17 141 697 DSC

(Fe75Cr25)83P17 166 765 DSC

(Fe50Ni50)83B17 172 650 DSC

(Fe5Ni5)83P17 154 645 DSC

Pd48Ni32P20 92 582 DSC

Al82Ni10Ce8 158 585 DSC

Pd43Ni10Cu27P20 106 568 DMS

FIG. 5. (Color online) (a) Relationship between activation energy of b-

relaxation Eb and RTg for MGs listed in Table IV (Ref. 28).The squares and

circles denote measurements from DSC and DMS, respectively. The solid

line is a least square linear fit; (b) Relationship between activation energy of

b-relaxation Eb and energy barriers of STZs,WSTZ (Ref. 28).
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C. The flow in metallic glasses and metallic
glass-forming liquids

In this section, we focus on the definition of the flow

and characterize the flow in MGs and MG-forming liquids.

A viscous liquids can be viewed as “solid that flows” in

enough short time scale.7,72 Figure 6 schematically illustrates

the flow based on the concept of potential energy landscape

(PEL). The flow event or the configurational hopping in

MGs or MG-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.

There are two flow modes: the b-mode is the stochastically

and reversible activated hopping events across ‘‘sub-basins’’

confined within the inherent ‘‘megabasin’’ (intrabasin hop-

ping) and the a-mode is irreversible hopping events extend-

ing across different megabasins (interbasin hopping). Figure

6 also schematically illustrates the relationships among the

potential plastic units, plastic flow or yielding, and the b-

and a-relaxations, based on the PEL in MGs.4 The isolated

potential STZs accommodating the flow during glass transi-

tion or plastic deformation are confined within the elastic

matrix and correspond to the b-relaxation. The mechanical

stress, equivalent to thermal activation, can significantly

enhance the atomic mobility (or decrease the viscosity) by

inducing a glass-to-supercooled-liquid transition. When tem-

perature or external stress is applied and reaches a critical

energy threshold of activation energy for the transition from

MG to a supercooled liquid with high atom mobility, the

elastic shell of the isolated STZs will collapse, and the perco-

lation of these flow units associates with the a-relaxation.

The localized plastic deformation or shear banding in MGs

TABLE V. The data of density q, atomic volume Va, G, �, Tg, GVm, andWSTZ for MGs (Refs. 16, 17, 20, 28, 44 and 67–73).

MG q (g/cm3) Va (Å3) G (GPa) GVm (kJ/mol) v Tg (K) WSTZ (kJ/mol)

Au49Ag5.5Pd2.3Cu26.9Si16.3 11.60 18.27 26.5 291.4 0.406 405 115.7

Au55Cu25Si20 12.20 17.68 24.6 261.8 0.417 348 103.9

Ca65Li9.96Mg8.54Zn16.5 1.96 33.64 9.0 180.9 0.307 333 71.8

Ce68Al10Cu20Co2 6.81 27.30 11.4 186.6 0.333 351 74.1

Ce70Al10Cu20 6.70 28.14 11.3 190.6 0.329 342 75.7

Ce70Al10Ni10Cu10 6.67 28.14 11.5 194.8 0.313 359 77.3

Cu46Zr42Al7Y5 7.23 16.97 31.0 316.8 0.364 713 125.8

Cu46Zr46Al8 7.08 17.22 34.3 355.4 0.366 701 141.1

Cu46Zr54 7.62 17.11 30.0 309.0 0.391 696 122.7

Cu48Zr48Al4 7.22 17.34 32.4 338.2 0.370 689 134.3

Cu50Hf43Al7 11.00 16.67 42.0 421.6 0.358 774 167.4

Cu50Zr50 7.40 17.36 32.0 334.7 0.360 670 132.9

Cu57.5Hf27.5Ti15 9.91 15.56 37.3 349.3 0.356 729 138.7

Dy55Al25Co20 7.56 23.71 23.5 335.7 0.304 635 133.3

Er55Al25Co20 8.16 22.51 27.1 366.8 0.306 663 145.6

Fe53Cr15Mo14Er1C15B6 6.92 13.19 75.0 595.6 0.320 860 236.5

Fe61Mn10Cr4Mo6Er1C15B6 6.89 12.42 75.0 560.8 0.280 870 222.6

Fe68Mo5Ni5Cr2P12.5C5B2.5 7.50 11.41 57.9 397.8 0.329 699 157.9

Fe70Mo5Ni5P12.5C5B2.5 7.48 11.45 57.3 395.1 0.331 696 156.9

Fe74.5Mo5.5P12.5C5B2.5 7.54 11.38 56.9 389.9 0.326 702 154.8

Ho55Al25Co20 7.89 23.01 25.4 351.7 0.311 649 139.6

La55Al25Cu10Ni5Co5 6.00 26.41 15.6 248.0 0.342 430 98.5

Lu39Y16Al25Co20 7.59 22.09 30.0 399.2 0.316 687 158.5

Lu55Al25Co20 8.69 21.93 30.6 404.1 0.307 701 160.4

Mg65Cu25Gd10 3.79 20.78 19.3 241.4 0.313 425 95.8

Mg65Cu25Y10 3.28 20.53 18.9 233.8 0.329 425 92.8

Pd40Cu30Ni10P20 9.28 13.19 34.5 274.0 0.399 593 108.8

Pd40Cu40P20 9.30 13.25 33.2 264.8 0.402 548 105.1

Pd64Ni16P20 10.10 13.76 32.7 271.0 0.405 452 107.6

Pd77.5Cu6Si16.5 10.40 14.52 31.8 278.0 0.409 550 110.4

Pr60Al10Ni10Cu20 6.88 25.57 13.5 207.6 0.300 409 82.4

Pt57.5Cu14.7Ni5P22.8 15.20 14.37 33.4 289.0 0.434 490 114.7

Pt60Ni15P25 15.70 14.14 33.8 287.6 0.420 488 114.2

Tm39Y16Al25Co20 7.30 22.44 29.7 401.3 0.304 664 159.3

Yb62.5Zn15Mg17.5Cu5 6.52 31.97 10.4 200.0 0.276 381 79.4

Zr41.2Ti13.8Ni10Cu12.5Be22.5 5.90 16.90 34.1 347.0 0.352 618 137.8

Zr46.75Ti8.25Cu7.5Ni10Be27.5 6.00 16.53 35.3 351.3 0.355 621 139.5

Zr48Nb8Ni12Cu14Be18 6.70 17.05 34.3 352.1 0.367 620 139.8

Zr62Cu15.5Ni12.5Al10 6.62 19.20 28.9 333.6 0.378 643 132.4

Zr64.13Cu13.5Ni12.37Al10 6.65 19.25 28.9 332.7 0.377 652 132.1
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can be regarded as the percolation of these flow units in

nano-scale thin layers (shear bands) driven by stress, and the

glass transition or a-relaxation is a thermally driven large

scale percolation of these flow units in whole material. The

plastic deformation, glass formation, glass transition, and

relaxations in MGs can be treated as the flow phenomenon

activated by different processes such as thermal process or

mechanical process. The flow is controlled by its activation

energy. Next, the physical parameters that the flow activation

energy related to will be investigated.

D. An elastic model for flow in MGs and MG-forming
liquids

The MG-forming liquids can be characterized by the in-

stantaneous elastic moduli of G1, E1, and K1. Actually, the

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 found

that even below the conventional elastic limit, the MGs show

nonelastic rheological response under constant load.35 In ac-

cordance with the properties, the MGs can be characterized

as highly viscousic. Extensive experimental evidence shows

that the flow viscosity of MG-forming liquids follows the

general Arrhenius equation: gðTÞ ¼ g0 ln DEðTÞ=kBT½ �. The
energy barrier DE for the flow events is temperature depend-

ent and can be determined based on the PEL theory.

We define the activation energy of a unit volume as the

activation energy density (qE) (Refs. 77–82):

qE ¼ DE

Vm

: (9)

The definition of activation energy density can directly relate

the flow activation event to the elastic moduli.7,8,18,81,82

We estimate the energy barrier between two potential

energy minima from the curvature around the minima.18,82

Consider the one-dimensional PEL with two minima sepa-

rated the distance 2r0 as shown in Fig. 7. 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 estimated barriers are

clearly larger than the actual barriers as shown in Fig. 7, but

the estimated and actual barriers are proportional. The acti-

vation energy DE for flow in MGs or in MG-forming liquids

is assumed to be mainly elastic energy.7,64 Then, in the

energy landscape perspective, the activation energy density

of flow can be expressed in a harmonic form qE¼ 1
2
Mr2

using second order Taylor expansion around the minima,18

where M is the elastic moduli, and r is the elastic strain.

According to the equipartition law of statistical mechanics:
1
2
Mhr2i / 1

2
kBT=Vm,

83 suggesting hr2i / kBT=MVm. Assum-

ing the distance r0 between the minima is constant, then,

qE ¼ 1

2
Mr20 ¼

1

2

kBT

hr2iVm

r20; or qE / kBT

hr2iVm

:

Because the atoms release 3 degrees of freedom around glass

transition in MGs,33 one gets

hr2iVm ¼ kBT

Mx

þ kBT

My

þ kBT

Mz

;

where x, y, z represent the three directions in Cartesian coor-

dinate, and Mx, My, and Mz are the corresponding elastic

moduli. For isotropic MGs, they represent two shear modu-

lus and one longitudinal modulus, as Mx¼My¼qvs
2 and

Mz¼qvl
2¼Kþ 4 G/3, where q is the mass density, and vs

and vl are the shear and longitudinal sound velocities, respec-

tively. Then, one gets

FIG. 6. (Color online) Above: A 2D schematically illustration of STZ acti-

vation (top left panel), a-relaxation (flow and yielding, top right panel), and

their corresponding origination of potential energy landscapes (bottom

panel). Filled circles represent atoms with low propensity of motion, while

open circles represent atoms with high propensity of motion. The arrows

indicate the possible motion of atoms. The potential STZ events are local-

ized with cooperative nature and is reversible due to confinements of sur-

rounding materials, while a-relaxation (percolation of STZs, or plastic flow

and yielding) incorporates large scale atomic migration and irreversible.

Below: A schematically illustration of flow and its corresponding origination

of potential energy landscapes. There are two kinds of flow modes: the b-

mode is the stochastically and reversible activated hopping events across

‘‘sub-basins’’ confined within the inherent ‘‘megabasin’’ (intrabasin hop-

ping) and the a mode is irreversible hopping events extending across differ-

ent landscape megabasins (interbasin hopping).

FIG. 7. (Color online) The schematic map of potential energy density land-

scape with the distance 2r0 between the minima. The thin curve gives the

estimation by second order Taylor expansions around the minima. The bar-

rier height estimated by extrapolating from the minima. The estimated and

actual barriers are proportional.
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hr2iVm / 2kBT

qv2s
þ kBT

qv2l
¼ 2kBT

G
þ kBT

K þ 4G=3
: (10)

And then, one obtains

qE / G K þ 4G=3ð Þ
2K þ 11G=3

: (11)

The linear contribution of G and K can be estimated by

defining the temperature dependency of

qE; I ¼
d ln qE Tð Þ
d ln T

;

[Ref. 18]. 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; (12)

alternatively, I ¼ 1� að Þ 	 IG þ a 	 IK , where IG and IK are

temperature indices,18 respectively. And

a ¼ KG

2K2 þ 19
3
KGþ 44

9
G2

: (13)

For MGs, G/K varies from 0.2 to 0.5 [Ref. 16] and gives the

partition coefficient of a¼ 0.076 0.01. The partition coeffi-

cient for G and K suggests that both the volume-conservative

shearing (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.11,84,85

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 longitudi-

nal velocities change differently during the glass transition

process,86 and the ratio of the relative changes of the two

velocities is about

Dvs

vs
:
Dvl

vl
� 2 : 1;

(Refs. 7 and 86). From qv2s ¼ G and qv2l 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 G should be

doubled, and the ratio of the contribution of G and K in qE
should be about 10:1, that is

qE ¼ 10Gþ Kð Þ=11: (14)

This indicates a¼ 1/11¼ 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 qE¼ (10GþK)/11. This is dif-

ferent 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 both homogeneous and inhomogeneous flow is

shearing process combining free volume generation and

demonstrates that both shear and free volume are important

for flow and provides 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.84,85,87,88

The elastic model is further experimentally verified. We

check the correlations between Tg and the elastic moduli for var-

ious MGs. 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 MGs, g(Tg)¼ 1013 Pa�s.1,4 From

gðTgÞ ¼ g0
DEðTÞ
kTg

� �

¼ 1013Pa
 s;

or

DE Tð Þ
RT

T¼Tg

�

� � constant:

One can see that DE(Tg)/kTg is a constant at Tg for all MGs.

According to our model,

qEVm

RTg
¼ ð10Gþ KÞVm=11RTg ¼ constant:

Figure 8(a) shows the data of (10GþK)Vm/11RTg versus vari-

ous kinds of MGs. These MGs cover many typical systems

including Zr-, Cu-, Ca-, Mg-, Ni-, Fe-, and rare earth elements

based MGs, and their thermal, mechanical, and physical prop-

erties are markedly different17,80,81 (as listed in Table VI).

Their values of Tg, E and Poisson’s ratio span from 317 K to

930 K, 23 GPa to 195 GPa, 0.276 to 0.41, respectively. One

can see that these data can be well fitted by a constant 0.075.

The data of (10GþK)Vm/11RTg for various MGs versus other

parameters such as density and Poisson’s ratio are shown in

Fig. 8(b). The MGs are independent with these parameters

and can also be well fitted by the constant of 0.075. The ex-

perimental comparison further testifies the above model. As a

comparison, Figs. 8(c) and 8(d) also show the plots of KVm/Tg
and GVm/Tg versus Poisson’s ratio. Fitting to the data yields

KVm/Tg!8.78 v and GVm/Tg!-0.86 v, which indicate that the

sole K or G cannot characterize the activation energy density

well. Other groups43,44,89,90 also found similar correlations in

different forms, while these correlations also support that the

volume factor must be considered to make the ratio of activa-

tion energies and Tg be a constant.

To further experimentally confirm the elastic model in

glass state, an attempt was made to amplify the measurable

dilatation effects of homogeneous deformation by perform-

ing tests at RT to suppress structural relaxation.87 According

to the elastic model, it is expected that plastic deformation

induces dilatation of the glassy structure. In inhomogene-

ously deformed samples, the shear bands show clear struc-

tural changes resulting from the very high local shear, and
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possibly also linked to local heating and rapid cooling.91,92

The Zr46.75Ti8.25Cu7.5Ni10Be27.5 (vit 4, Tg¼ 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�4s�1 at

80% of the MG yield strength (ry � 1:9GPa) for periods of
hours at RT. After 38 h of pre-compression, detectable per-

manent deformation after the load is removed is found. No

shear bands are observed indicating the homogeneous

deformation.87

The evolution of density and elastic moduli with pre-

compression time within the apparently elastic region indi-

cates that the pre-compression induces dilatation.87 The rela-

tive variations of elastic moduli show that the E and G

decrease by similar small amounts, while the K decreases

slightly more.87 Loading for 38 h, the viscous strain is

�2
 10�4, associated with a fractional density decrease of

�2
 10�3. The density change though large, ten times the

viscous strain, is broadly consistent with the observed frac-

tional decreases in elastic moduli of 5 to 7ð Þ 
 10�3. The

decreases in K therefore appear entirely consistent with the

dilatation induced by pre-compression.87 It is noted that the

elastic moduli and density increase during relaxation, and

the increases are greater under hydrostatic pressure.93,94

Therefore, the changes in elastic moduli and density in our

case are not consistent with structural relaxation. Also, on

annealing-induced relaxation,95 the changes in K are much

smaller than the changes in G or E, in contrast to the relative

magnitudes in our case.

The above results suggest that free volume can be gener-

ated very effectively in homogeneous flow as in soils, granu-

lar media in general,96,97 and in the deformation of MGs.87,98

The found clear dilatation effect in the viscous flow in the

apparently elastic regime of the glass reveals that the large

volume increase association with the local shearing events.87

This also indicates that the role of bulk modulus during flow.

The results as well as others88 further confirm the proposed

elastic model.

E. Elastic perspectives on metallic glasses
and MG-forming liquids

The systematically elastic property studies of various

MGs show that the subtle microstructural changes induced

by tuning composition, temperature, pressure, aging, and in-

ternal or external stress can be effectively characterized by

the elastic moduli. In other words, there exist close links

between the microstructural change and properties/

features of the MGs through the medium of elastic

constants.16,94,99–104 On the other hand, there exists clear

correlations in empirical levels among the elastic moduli,

the glass formation and transition, the properties and

features, and the strong/fragile characteristics of

MGs.13,14,16,17,44,45,71,105,106 These correlations confirm that

the elastic moduli are key parameters for controlling the fea-

tures and properties of MGs. The elastic model in turn can

offer a simple scenario for explaining and understanding the

nature and characteristics of metallic glasses and the found

correlations in MGs.16

For example, elastic model can explain the found critical

phenomena during glass transition and yield. For MGs, it is

found that the glass transition occurs when the G decreases to

85% of the shear modulus at 0 K, G(Tg)¼ 0.85G(0 K).107

According to the elastic model, the glass transition can be

regarded as a kind of dramatic elastic moduli change caused

by either temperature (glass transition) or densification (jam-

ming) or load (external stress). These factors play similar roles

in glass transition through rapidly changing the elastic moduli

at glass transition point. In MG-forming liquids, when the

temperature is rapidly cooled to Tg, the elastic moduli will

rapidly reach the elastic moduli softening line, and the liquid

is frozen into glass. One can also unfreeze the glass or yield

the glass and make glass flow either by raising temperature or

by applying shear stress to reach the elastic moduli softening

line. The plastic deformation in MGs can also regarded as the

glass to supercooled liquid transition (confined in shear

bands), which occurs upon reaching an elastic modulus

threshold by stress to sufficiently high internal energy.

The various correlations found in MGs can be under-

stood via the elastic model. According to the framework of

FIG. 8. (Color online) (a) The experiment data of (10GþK)Vm/11RTg vs

various MGs. (b) The (10GþK)Vm/11RTg vs �. The (10GþK)Vm/11RTg is

independent of MGs and can be well fitted by a constant. (c) The KVm/RTg
and (d) GVm/RTg vs � for the same MGs. The fit result shows they have clear

dependence on � (Ref. 82).
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the elastic model, the DE(Tg)/kBTg is a constant for different

MGs, and the DE is related to elastic moduli M: DE(Tg)

! M(Tg). Therefore, M(Tg)/Tg should be a constant for

MGs. That is, for various MGs, Tg is closely related to the G

or E as experimental results have shown.16,43,45 From the

construction of the fragility plot, all viscosity curves inter-

sect at Tg [Ref. 108]. 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, relaxation in

most of the liquids shows Arrhenius temperature depend-

ence: g¼ g0exp(DE/T). Thus, the high-T slope of logg in the

fragility plot, DE/Tg, can also be a measure of fragility. Ex-

perimental data show that DE/Tg indeed roughly correlates

with fragility m in various glasses:105 Tg=DE / m. There-

fore, according to elastic model, both DE and Tg correlate

with elastic moduli as experimental observed.14,16

The correlation between fragility and glass-forming

ability has been found in many MG-forming systems109–112

can be understood from the elastic model. On the other hand,

the fragility correlates with the Poisson’s ratio in MGs.16

The Poisson’s ratio then can be regarded as an indicator of

the glass-forming ability of an alloy. Because the average

TABLE VI. The Tg, average molar volume Vm, �, and the combined parameters Moduli�Vm/RTg of 46 different kinds of MGs (Refs. 16, 79, and 80).

Compositions Tg (K) Vm cm3/mol v GVm/RTg KVm/RTg (10GþK)11Vm/RTg

Ca65Mg8.54Li9.96Zn16.5 317 20.25 0.307 0.0688 0.155 0.0765

Ca65Mg8.31Li9.69Zn17 320 20.10 0.291 0.0678 0.139 0.0743

Yb62.5Zn15Mg17.5Cu5 385 19.24 0.276 0.0625 0.119 0.0676

Ce70Al10Ni10Cu10 359 16.94 0.314 0.0653 0.153 0.0732

(Ce20La80)68Al10Cu20Co2 366 16.78 0.338 0.0654 0.180 0.0757

Ce68Al10Cu20Nb2 345 16.70 0.328 0.0678 0.175 0.0775

(Ce80La20)68Al10Cu20Co2 355 16.69 0.337 0.0658 0.180 0.0760

Ce68Al10Cu20Co2 352 16.57 0.328 0.0668 0.172 0.0763

Ce68Al10Cu20Ni2 352 16.57 0.333 0.0678 0.180 0.0779

Ce68Al10Cu20Co2 351 16.44 0.333 0.0640 0.170 0.0735

La60Al20Co20 477 15.96 0.335 0.0585 0.158 0.0674

Pr55Al25Co20 509 15.07 0.341 0.0548 0.155 0.0639

Dy55Al25Co20 635 14.27 0.304 0.0636 0.141 0.0706

Tb55Al25Co20 612 14.15 0.302 0.0635 0.140 0.0704

Ho55Al25Co20 649 13.85 0.311 0.0652 0.151 0.0730

Er55Al25Co20 663 13.55 0.306 0.0665 0.149 0.0740

Tm39Y16Al25Co20 664 13.51 0.305 0.0726 0.162 0.0807

Tm55Al25Co20 678 13.47 0.319 0.0612 0.148 0.0690

Lu39Y16Al25Co20 687 13.30 0.316 0.0699 0.166 0.0785

Lu45Y10Al25Co20 698 13.25 0.307 0.0710 0.160 0.0790

Lu55Al25Co20 701 13.20 0.307 0.0693 0.157 0.0772

Mg65Cu25Gd10 421 12.51 0.313 0.0689 0.161 0.0772

Mg65Cu25Y9Gd1 423 12.37 0.277 0.0718 0.137 0.0777

Mg65Cu25Y10 419 12.36 0.302 0.0669 0.147 0.0741

Mg65Cu25Y8Gd2 420 12.23 0.284 0.0705 0.140 0.0767

Mg65Cu25Y5Gd5 422 12.05 0.284 0.0677 0.134 0.0737

Mg65Cu25Tb10 415 11.95 0.309 0.0680 0.155 0.0758

Zr64.13Cu15.75Ni10.12Al10 640 11.68 0.377 0.0624 0.234 0.0779

Zr65Cu15Ni10Al10 652 11.65 0.37 0.0651 0.229 0.0799

Zr61.88Cu18Ni10.12Al10 651 11.51 0.377 0.0618 0.230 0.0770

Zr55Al19Co19Cu7 733 11.44 0.377 0.0579 0.216 0.0720

Zr57Nb5Cu15.4Ni12.6Al10 687 11.44 0.365 0.0641 0.216 0.0777

Zr57Ti5Cu20Ni8Al10 657 11.43 0.362 0.0629 0.207 0.0760

(Zr59Ti6Cu22Ni13)85.7Al14.3 689 10.74 0.363 0.0637 0.211 0.0770

Cu45Zr45Al7Gd3 670 10.71 0.358 0.0637 0.204 0.0764

Zr46.75Ti8.25Cu10.15Ni10Be27.25 622 10.21 0.35 0.0734 0.221 0.0867

Zr48Nb8Cu12Fe8Be24 658 10.17 0.36 0.0654 0.211 0.0785

Zr41Ti14Cu12.5Ni10Be22.5 625 9.79 0.352 0.0705 0.215 0.0835

Ni45Ti20Zr25Al10 733 9.61 0.359 0.0634 0.204 0.0760

Cu60Zr20Hf10Ti10 754 9.50 0.369 0.0559 0.194 0.0684

Pd77.5Cu6Si16.5 633 8.74 0.41 0.0528 0.276 0.0729

Pd64Ni16P20 630 8.29 0.408 0.0517 0.263 0.0707

Pd40Cu40P20 590 7.98 0.402 0.0540 0.257 0.0723

Pd39Ni10Cu30P21 560 7.97 0.397 0.0601 0.272 0.0791

Fe53Cr15Mo14Er1C15B6 900 7.94 0.317 0.0734 0.191 0.0840

Fe61Mn10Cr4Mo6Er1C15B6 930 7.48 0.281 0.0725 0.141 0.0787
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barrier for flow DE is mainly related to G,81,82 for the MG-

forming 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 v) will take

some finite time and large energy, in order for the system to

track the changes in the PEL through structural rearrange-

ments. For example, in Fe-based MGs with low Poisson’s ra-

tio, there is tendency to suggest that glass-forming ability is

enhanced by increasing of energy barrier.113 Therefore, an

alloy development strategy relies on dramatically increasing

flow activation energy, or increasing GVm or decreasing v,

which result in high glass-forming ability in an alloy. The

elastic model also offers a simple scenario for explaining the

found correlation between Tg and Debye temperature h2D in

MGs.16,94 One of the long-standing controversial issues is

the formation mechanism of shear bands involving viscosity

drop during shear banding.113 The softening has been attrib-

uted to mechanical dilatation or shearing.11,12 Due to the for-

mation of shear bands that is akin to the process of glass

transition, according to the elastic model, both the shear flow

and the dilatation should be involved in the formation of

shear bands. The elastic model also has implication for the

design of plastic metallic glasses. To decrease the activation

barrier or G, one can enhance the plasticity of a MG. This is

in agreement with the fact that a higher Poisson’s ratio repre-

sents a higher possibility for a MG to have better

toughness.14

IV. SUMMARYAND CONCLUSIONS

We show compelling experimental evidence that the

activation of the unit of flow event and slow b-relaxations in

metallic glasses are directly correlated. The slow b-relaxa-

tions can be regarded as a thermal driven process of flow

events, and the mechanical yield where the atomic sites are

topologically unstable by applied stress can be treated as the

stress driven glass transition, and the formation of shear

bands is a consequence of the stress-induced glass to super-

cooled liquid transition. Based on the experimental observa-

tions, an elastic perspective of the metallic glasses is

suggested as that: the glass formation from solidification of

liquid, the mechanical deformation, and relaxation of MGs

can be treated as the change of their different configurations

or flow, and the flow can be modeled activated hopping

between inherent states in the PEL. The energy barriers of

the flow of both homogeneous flow and in MG-forming

liquids and inhomogeneous flow in MG, or the variation in

the configurational change or flow of liquid induced either

by thermal excitation or mechanical stress, are determined

with instantaneous elastic moduli.

An extended elastic model is then proposed to describe

the flow both in MGs and MG-forming liquids based on the

PEL theory. The activation energy density qE is determined

to be a simple expression of qE ¼ 10
11
Gþ 1

11
K. That is, both

shear and bulk moduli are critical parameters accounting for

both homogeneous and inhomogeneous flows in MGs and

MG-forming liquids. The extended elastic model has been

verified by experiments. It is therefore concluded that the

elastic moduli are the key physical parameters for controlling

the main thermodynamic and kinetic, mechanical and physi-

cal properties of metallic supercooled liquids and MGs, and

for understanding and characterizing the MGs. The elastic

model might offer a realistic and simple picture for under-

standing the glass transition and deformation, and the natures

in MGs and MG-forming liquids.
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