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ABSTRACT

Focusing on metallic glasses as model systems, we review the features and mechanisms of the B-relaxations,

which are intrinsic and universal to supercooled liquids and glasses, and demonstrate their importance in

understanding many crucial unresolved issues in glassy physics and materials science, including glass
transition phenomena, mechanical properties, shear-banding dynamics and deformation mechanisms,
diffusion and the breakdown of the Stokes—Einstein relation as well as crystallization and stability of glasses.

We illustrate that it is an attractive prospect to incorporate these insights into the design of new glassy

materials with extraordinary properties. We also outline important questions regarding the nature of

B-relaxations and highlight some emerging research directions in this still-evolving field.

Keywol‘ds: metallic glass, B-relaxation, glass transition, shear transformation zone, shear band, diffusion,

stability, ultrastable glass

INTRODUCTION AND HISTORICAL
BACKGROUND

Glasses, by their general definition, are non-
crystalline or amorphous solids that can be prepared
via a variety of ways, such as by quenching from
liquids. Glassy materials have been known and used
by mankind for thousands of years, dating back
to about 12 000 B.C. [1,2]. Although they are the
oldest artificial materials, new discoveries and novel
applications continue to appear [1]. Despite this,
our understanding of glass is far from complete,
and the nature of glass constitutes a long-standing
puzzle in condensed matter physics [1-5].

Aside from their perplexing, disordered atomic
arrangements, which are difficult to resolve and
to relate to properties [6-10], glasses and glass-
forming liquids are notorious for their extremely
complex relaxation dynamics [1-S], ranging from
picosecond-scale atomic vibrations to thousands of
years, in some cases, for aging and densification [2].
These relaxation processes affect many properties of
glassy materials. On a typical, experimentally observ-
able isothermal relaxation spectrum (as schemati-
cally shown in Fig. 1) [2], glass-forming materials
show a-relaxation at low frequency (~1072 Hz in
Fig. 1), B-relaxation and faster processes at higher
frequency (~10° Hz), and the Boson peak at even
higher frequency (~10'* Hz). The a-relaxation is

the main relaxation mode, and is directly related
to viscous flow and the glass transition, which has
been regarded as the central feature of glassy physics
[1-5]. However, because the -relaxation is frozen
below the glass transition temperature Ty, the -
relaxation becomes the most important relaxation
process in the glassy state. Significantly, it has re-
cently been shown that the B-relaxation has consid-
erable potential for explaining many unresolved is-
sues in glassy physics and materials science [5,11-
13]. The aim of this paper is to provide a state-of-
the-art review on B-relaxation in a relatively new
kind of glassy materials, the metallic glasses (MGs),
paying special attention to the implications for our
understanding of glass transition phenomena, me-
chanical properties, shear-banding dynamics and
deformation mechanisms, diffusion and the break-
down of the Stokes-Einstein relation, as well as
crystallization and stability of glasses. MGs are dif-
ferent from other glasses because of their simple
atomic structures, which means that they are free
of motions from internal degrees of freedom [10]
(e.g. side chains in polymers and functional groups
in molecular glasses); they also have widely tun-
able compositions. These features have made MGs
important model materials for studying the above
topics (as well as many others) in glassy physics
[11,14].

© The Author(s) 2014. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. All rights reserved. For Permissions, please email: journals.
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Figure 1. Schematic dielectric spectrum of relaxation dynamics of glass-forming lig-
uids (Courtesy of P. Lunkenheimer, University of Augsburg, Germany).

Historically, the f-relaxation was first known
in polymer glasses, as a secondary relaxation in
internal friction measurements, occurring at tem-
peratures far below T, and having important con-
nections with mechanical properties [15-18]. The
terminology ‘B-relaxation’ was simply used because
it comes after the o-relaxation in a relaxation spec-
trum. Because of the chain-like structures of poly-
mers, -relaxation was initially assumed to originate
from rotations of the side chains or functional groups
of polymers. However, this view was changed in the
1960s and 1970s when Johari and Goldstein discov-
ered f-relaxations in a series of rigid polymers and
molecular glasses, which did not have side chains or
internal degrees of freedom [19-22]. These findings
implied that some B-relaxations must not involve
intramolecular motions but instead certain motions
of the entire molecule as a whole. In 2004, Ngai
and Paluch [23] classified the B-relaxations in dif-
terent glass formers based on their dynamic proper-
ties; they named the type of 8-relaxations that do not
involve intramolecular motion as Johari-Goldstein
B-relaxations’ to distinguish them from other B-
relaxations (which do involve intramolecular mo-
tion) and also to honor the important discovery of
Johari and Goldstein. In fact, in some molecular and
polymer glasses, there are multiple secondary relax-
ations, but some of these arise from intramolecular
degrees of freedom (and thus lack universal signif-
icance). Only intermolecular secondary relaxations
(or Johari-Goldstein B-relaxations) are considered
of fundamental importance [23].

Contemporary to the discovery of Johari and
Goldstein B-relaxations, MGs were created by rapid
quenching of metallic melts [24]. Combining metal-
lic bonding and disordered structures and free of
traditional crystalline defects (e.g. dislocations and
grain boundaries), MGs, besides their fascinating

properties and potential to revolutionize the fields
of materials science and engineering [25,26], soon
became a kind of model material in glassy physics.
Since the 1980s, Chen and co-workers made inter-
nal friction measurements on some typical Pdand La
MGs [27-30], and they observed the signatures of
B-relaxations in MGs. However, limited by the low
glass-forming ability and/or the low thermal stabil-
ity of the MGs available at that time, B-relaxations
had not been unambiguously determined. Since the
1990s, the development of bulk metallic glasses
(BMGs) [31-34] with excellent glass-forming abil-
ity and thermal stability opened a new avenue to
study of B-relaxations. Notably, clear correlations
found between B-relaxations and other processes
and properties in BMGs make study of S-relaxations
in MGs a promising route to understand many
fundamental issues in glassy physics and materials
science [11].

MEASUREMENTS OF 5-RELAXATIONS IN
MGS

In non-MGs, dielectric spectroscopy is a standard
tool to study the relaxation behavior, taking advan-
tage of its wide frequency range (e.g. 1072-10"
Hz) and high sensitivity [2]. Since MGs are good
conductors, the dielectric method is not feasible.
Other methods such as dynamical mechanical
analysis (DMA), differential scanning calorime-
try (DSC), and, recently, scanning tunneling
microscopy (STM) are employed in an effort to
study the relaxation behavior of MGs. Among
them, DMA is commonly used because of its wide
applicability and high sensitivity in detecting atomic
rearrangements associated with defects in solids.

Dynamical mechanical analysis

DMA [also known as dynamical mechanical spec-
troscopy (DMS)] is a thermal analysis technique
that measures properties of materials as they are
deformed under a periodic stress. Specifically, in a
DMA measurement, a sinusoidal stress (or strain)
is applied to the sample and the resultant sinusoidal
strain (or stress) is measured. If the material be-
ing evaluated is purely elastic, the phase difference
8 between the stress and strain sine waves is 0° (i.e.
they are in phase). If the material is purely viscous,
8 is 90°. However, most real materials are viscoelas-
tic and exhibit a phase difference somewhere be-
tween those two extremes. From this phase differ-
ence §, together with the amplitudes of the stress and
strain waves, a variety of fundamental material pa-
rameters can be determined, including the storage
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Figure 2. Typical features of B-relaxations. (a) The temperature-dependent £’ (left axis) and £” (right axis), measured by DMA
at a test frequency of 1 Hz for a Lagg sNi1gAl;4Co15 MG [11,35]. (b) DSC curves of an as-cast and an annealed ZrgsCuyz5Al7 5

MG [55]. (¢) Temperature-dependent £” of a Lagg sNiigAl14Co1 5

MG [11,35] at different frequencies (from left to right: 0.5, 1,

2,4, 8, and 16 Hz); the inset is the Arrhenius plot of the peak temperature and frequency corresponding to the B-relaxation
(Copyright 2011 American Physics Society). (d) Relaxation times for o and B-relaxations of sorbitol in the merging region,

adapted from [73] (Copyright 2002 American Physics Society).

modulus E’, loss modulus E”, loss tangent tan(§),
and frequency-dependent transition temperatures.
Fig. 2a presents a typical DMA measurement on
a Lagg sNijgAl;4Co; s MG [11,35], which shows the
temperature dependence of E’ and E”, at a single
test frequency f = 1 Hz. The E” curve shows two
distinct peaks: the one at higher temperature (440
K) corresponds to the o-relaxation while that at
lower temperature (330 K) is the B-relaxation. Some
common features of the f-relaxation are discussed
in the section entitled “TYPICAL FEATURES OF
B-RELAXATIONS’. Up until now, DMA has been
used to study B-relaxations in various MGs [36-50].

Annealing and calorimetry

Without varying the frequency, the identification of
B-relaxations is not as straightforward. Despite this,
there have been substantial studies of B-relaxations

using DSC measurements, usually involving careful
annealing treatments [$1-54]. Fig. 2b compares the
DSC curves for as-cast and annealed (at S13K,90h)
ZrgsCuy75Al; s MGs [SS]. A pronounced exother-
mal peak develops below T in the annealed sam-
ple. This exothermal process was regarded as an in-
direct signature of the f-relaxation, as it coincides
with the drop in storage modulus and increase in
loss modulus from the DMA measurements [S1-
54]. The characteristic temperature of the exother-
mic relaxation peak increases with increasing heat-
ing rate; the activation energy determined from this
dependence is usually of similar order to that mea-
sured by DMA. This approach has been used in stud-
ies of amorphous pharmaceuticals and glassy poly-
mers, as well as MGs [ 51-54]. However, it should be
noted that annealing at relatively high temperature
could activate portions of the high-energy states in
the spectrum of structural relaxations, and thus only
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results from lower temperature annealing are rele-
vant to B-relaxations.

Hyperquenching-annealing—calorimetry

Hu and Yue introduced another approach to
detect the B-relaxation processes by DSC [13,
56-61]. Their aim was to freeze the liquid at a
high-temperature configuration and to probe the
calorimetric enthalpy relaxation by DSC after
annealing treatments below T,. All potential
energy states in the temperature range could be
observed in a real-time window during the following
enthalpy-recovery procedures. In this way, Yue and
co-workers made initial studies on the B-relaxation
in oxide glasses [56,57], and Hu ef al. reported the
characteristics of the S-relaxation in some oxide
glasses and MGs [13,58-63]. Some abnormal
behavior was also observed [60-62].

Inferences from the ohservation of surface
dynamics by STM

Recently, Ashtekar ef al. [64,65] successfully visu-
alized the surface dynamics of some MGs by STM.
They found that the rearrangements of surface clus-
ters occur almost exclusively by two-state hopping,
and that the dynamics are both spatially and tem-
porally heterogeneous. They argue that their ob-
served surface dynamics are a consequence of the
B-relaxations in MGs, because the relaxation times
for cr-relaxation are much longer than their exper-
imental timescale, and, at temperatures far below
T,, the mobility of atoms can only be initiated
by B-relaxations.

It should be noted that study of the surface
glassy dynamics by STM is a relatively new ap-
proach and the exact nature of what it measures is
still not fully established. Nevertheless, because of
the good conductivity of MGs, the application of
STM in studying surface dynamics is anticipated to
provide deep insights into the dynamics of glassy
materials.

TYPICAL FEATURES OF S-RELAXATIONS

Before discussing the importance of B-relaxations
in MGs, we briefly address the typical features
and possible mechanisms of B-relaxations. Because
the temperature and frequency ranges of mechan-
ical spectroscopies are limited, and many MG-
forming liquids also crystallize, many properties
of B-relaxations in MGs are still not explored;
therefore, some general features inferred from or-

ganic glass-forming materials are included here and
discussed.

Wide and symmetric distribution of relax-
ation times

As can be seen from Fig. 2a, the E” peak corre-
sponding to the B-relaxation measured by DMA
spans a wide temperature range, from below 250
to above 350 K in the case of LaggsNijgAl14Coy s
MG. Such a wide and symmetric peak indicates that
the B-relaxation has a wide distribution of relaxation
times. This feature is more obviously seen in the fre-
quency domain for organic glass-forming materials,
as probed by dielectric spectroscopy [2-5,66-68].
Detailed study of the shapes of the dielectric spectra
of organic glass-forming materials revealed that the
B-relaxation can be described in terms of a Gaussian
distribution of Debye-type processes, which corre-
spond to local intermolecular excitations (reorien-
tation or diffusion) [66-69]. Recently, Jiao et al. in-
troduced a stress relaxation approach to character-
ize the distribution and evolution of energy barriers
around the temperature range of the B-relaxation in
a Pd-based MG [70]. They suggested that the dis-
tribution of energy barriers becomes wider with in-
creasing temperature. However, it should be noted
that theoretical and experimental work on non-MGs
demonstrates that the distribution of energy barriers
in non-MGs becomes narrower with increasing tem-
perature [66-69].

Low amplitude and increases with
temperature

In the glassy state, the amplitude or strength of the -
relaxation is usually low compared to that of the a-
relaxation and it is weakly temperature dependent.
For MGs, the E” value for the 8 peak is about 1/10
of that of the o peak [11]. However, in many or-
ganic systems, the strength of the S-relaxation in-
creases rapidly above T, meaning that it has a similar
temperature dependence to that of other thermody-
namic properties of the system, including entropy,
enthalpy, and volume [5,12,13]. Such behavior has
been considered as evidence that the B-relaxation
is connected to the glass transition [5,12,13]. Con-
trary to the behavior of the B-relaxation, the strength
of the or-relaxation decreases with increasing tem-
perature [68,69]. It is noted that the B-relaxation in
MG-forming liquids has not been explored at tem-
peratures higher than Ty, partly because of the in-
tervention of rapid crystallization at intermediate su-
percooling temperatures.
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Figure 3. Comparison of the behavior of 8-relaxations (measured by DMA) between
typical MGs in (a) normalized temperature frame (Copyright 2011 American Physics

Society) and (h)
of Physics).

normalized frequency frame [46] (Copyright 2011 American Institute

Arrhenius-type temperature dependence
of the relaxation time in the glassy state

Fig. 2c displays the dynamical features of the B
peaks. The peak temperature of E”, T}, increases
markedly with f, during isochronous measurements.
The inset of Fig. 2c shows the f-dependent peak tem-
perature T}, from Fig. 2c. These data can be fitted by
an Arrhenius equation:

f = foexp(—Ep/RT,), (1)

where f; is the prefactor and Eg the activation en-
ergy of the B-relaxation. Arrhenius behavior is a gen-
eral property of B-relaxation in glassy states, and
Eg is an important parameter for obtaining quan-
titative insights. On the other hand, many studies
in non-MG-forming liquids have revealed that the
Arrhenius-type temperature dependence changes

to a stronger one above Ty, in accordance with
the rapid increase in strength of the f-relaxation
[71-73]. The exact relationship between fand T, at
T > Tg has not been established.

Merging with «-relaxation at high
temperatures

As shown in Fig. 2d for an organic glass-forming
liquid, sorbitol [73], the relaxation times of - and
B-relaxations become closer with increasing tem-
perature in the supercooled liquid, and, finally, at
a temperature called the crossover temperature T,
they merge into a single relaxation process. As the
temperature-dependent relaxation time of the B-
relaxation changes across Tg, the issue of how the 8-
relaxation merges with the o-relaxation is not very
clear. T, has been regarded as crucial to understand-
ing the nature of glass and the physics of the glass
transition, because many exceptional phenomena
appear there [74-79]. Moreover, T, lies close to
characteristic temperatures that are identified in sev-
eral different theories and models, and these top-
ics are currently being actively studied in the field
of glassy physics. In MGs, the merging of - and
B-relaxations has been inferred [80], but there are
still no direct experimental measurements in super-
cooled liquids.

DIFFERENT BEHAVIORS OF
B-RELAXATIONS: PEAKS OR EXCESS
WINGS

Glasses and glass-forming liquids show different
B-relaxation behaviors. In some supercooled liquids
and glasses, B-relaxations exhibit distinct peaks or
humps in the dielectric or mechanical loss spectra,
while in other systems 3-relaxations appear to be ab-
sent; instead, an excess contribution to the tail of the
a-relaxation is observed. Fig. 3 illustrates this point
in several typical MGs [11,35,46]. This so-called ‘ex-
cess wing’ has been observed in many systems with-
out a well-resolved f-relaxation peak. Historically,
excess wings and f-relaxations were considered to
be two different phenomena, and the corresponding
materials were defined as type A and B glass form-
ers, respectively [2]. Now, after intensive studies in
different glass-forming materials, it is commonly rec-
ognized that they are similar in nature and the excess
wing is due to an underlying -relaxation. However,
different views on the nature of the 8-relaxations still
persist.

It is important to clarify the dominant fac-
tors that govern the behavior of B-relaxations be-
cause f-relaxations affect many material properties.
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For example, polymers and MGs with pronounced
B-relaxations at relatively low temperatures usually
exhibit good ductility and are favored for mechanical
applications, while, in the pharmaceuticals industry,
B-relaxations are sometimes undesired and should
be suppressed, because they cause the devitrification
and destabilization of glassy medicines.

In the following section, we review different
B-relaxation behaviors in MGs (from peaks to ex-
cess wings). Special emphasis is placed on the factors
that influence this behavior, including composition
(chemical), aging, and thermal history effects.

Chemical influence on the behavior
of 3-relaxations in MGs

As can be seen from Fig. 3, chemical composition af-
tects the behavior of B-relaxations in MGs. Recently,
Yu et al. [81] systematically studied the chemical
(composition) effects on B-relaxations in several
typical MG systems, and formulated a general rule
about the behavior of B-relaxations in MGs from
the perspective of enthalpy of mixing; namely, pro-
nounced B-relaxations are associated with systems
where all the atomic pairs have large similar negative
values of enthalpy of mixing, while positive values, or
large fluctuations in the values, of enthalpy of mixing
suppress B-relaxations. They suggested that the un-
derlying physical picture is that strong and compa-
rable interactions among all the constituent atoms
maintain string-like atomic configurations, which
enable excitation of f-events; these glasses can be
thought of as ‘molecular metallic glasses’ [81].

For example, the left panel of Fig. 4a—c [81]
shows the temperature T-dependent loss modulus
E” of three prototypical MG systems (La-Ni/Cu-
Al, Pd-Ni/Cu-P, and Cu-Zr-Al) in a normalized
frame, where Tand E” are scaled by Ty and E" (T =
T,), respectively. From Fig. 4a—c, the following fea-
tures can be directly observed.

(i) IntheLay(Cu,Ni;_,);s5Al;s MGs, Fig.4a, Cu
suppresses 3-relaxations (i.e. makes them less
pronounced), while Ni promotes them.

(ii) Cu  promotes [B-relaxations in the
Pdy(Cu,Nij_.)s0P2 system, Fig. 4b,
while Ni suppresses them.

(ili) Microalloying of Al in CuZr MGs drastically
suppresses the shoulder and an excess wing
shows up instead (see Fig. 4c).

In general, these features demonstrate strong yet
complicated (system-specific) chemical effects on
the B-relaxation in MGs. Especially, comparing (i)
and (ii) indicates that the effect of Ni/Cu on the 8-
relaxation is not solely determined by their atomic
properties, but must also depend on their specific

chemical environments and interactions with other
constituent atoms.

To understand these chemical effects, Yu et al.
considered the enthalpies of mixing for these MGs
[81]. The right panel of Fig. 4a—c displays the val-
ues of enthalpy of mixing A H 3" for different atomic
pairs in three prototypical MG systems. These val-
ues are obtained from Miedema’s model for binary
alloys, which is a semi-quantitative theory based
on the thermodynamics of matter and energy band
theory. A closer examination of the A H}3* values
for these different atomic pairs reveals a pattern.
In systems with pronounced f-relaxations, all the
atomic pairs have similarly large negative values of
AHP, while systems with positive enthalpies of
mixing or large differences in the enthalpies of mix-
ing of the various components are associated with
less pronounced f-relaxations or excess wings. For
instance, in the La—Ni-Al system, with pronounced
B-relaxations, the A Hy* values for La-Ni, La-Al
and Ni-Al atomic pairs are —28, —37, and —22
kJ/mol, respectively, while in the La—Cu-Al sys-
tem with less pronounced B-relaxations, A H%~ for
Al-Cu is —1 kJ/mol, much smaller in magnitude
than those for the other two atomic pairs (—21 and
—37 kJ/mol for La-Cu and La-Al pairs, respec-
tively), and thus there are large differences in en-
thalpy of mixing between different atomic pairs. This
finding is also applicable to the Pd-Cu/Ni-P and
Zr—Cu-Al systems, as shown in Fig. 4b and ¢, and to
12 other systems with a variety of compositions [81],
as summarized in Table 1. Both the magnitudes and
fluctuations of chemical interactions between con-
stituent atoms influence the B-relaxation behavior
in MGs. Specifically, strong and comparable interac-
tions among all the constituent atoms, which might
be viewed as local formation of a ‘molecule’, are fa-
vorable for pronounced fB-relaxations; the lack of
these interactions generally leads to excess wings.

In some MG systems (e.g. La-Ni/Cu-Al and
Pd-Ni/Cu-P), the above ‘chemical fluctuation ar-
guments’ can be coarse-grained by a ‘mean-field-like’
approach by defining a mean chemical affinity:

AH®™ =4 " AHJ cacs (2)
A#B

(where ¢y and cp are the molar percentages
of elements A and B, respectively). In the
Lazo(Cu,Nij_y)1sAls and  Pdso(CuNii_y)40P20
MGs, Yu et al. [81] found that the dependence
of AH®™*™ against x is indeed correlated with the
composition-dependent  B-relaxation behavior;
larger negative values of AH®™™ yield more pro-
nounced B-relaxations, see Fig. Sa. This correlation,
although it does not really clarify the underlying
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Table 1. The B-relaxations in different MG systems and the
enthalpies of mixing between their constituent atoms.

# MG system p-relaxation (DMA) AHag (KJ/mol)
1 La-Ni-Al Peaks AHy, Ni=—27
AHy, a1 =—38
AH nj_a = —22
2 La-Cu-Al Shoulders AH, co =21
AHy, a1=—38
AHcya=—1
3 La-Co-Al Peaks AHy, co=—17
AHy, a1=—38
AH coa1 =—19
4 Sm-Co-Al  Peaks AHgm_co=—22
AH gyl = —38
AH co_a1 = —19
S Ce-Cu-Al Excess wings AH ce_cy = —21
AH e p1 = —38
AHcyar=—1
6 Ce-Ni-Al Peaks/humps AH cen; = —28
AH ce_a1 = —38
AH pjal = —22
7 Pd-Cu-P Humps AHpy-co =—14
AHpgp=—37
AHcop=—18
8 Pd-Ni-P Shoulders AHpgni=0
AHpgp=—37
AHyip=—35
9 Zr-Cu-Al Excess wings AH7z_co=-23
AH 7z a1 = —44
AHcy-p1=—1
10  Cu-Zr-Ag Excess wings AH ¢y z; = —23
AH cy-ag =2
AH 7, ag = —20
11 Cu-Zr-Be Excess wings AH ¢y z; = —23
AH Cu-Be = 0
AH 7, e = —43
12 Cu-Ti-Be Excess wings AHcy1i =—9
AH cu-pe =0
AH Ti_ge = —30
13 Pd-Cu-Si Humps AHpg_cy =—14
AHpg_si =—55
AH cy-si = —19
14 Zr-Ni-Al Humps/shoulders AH 7, ni = —49
AH g, = —44
AH nj_al = —22
1S Pt-Cu-P Humps AHpi_cy =—12
AH Pt-P = —-35
AHcop=—18
16 Pt-Ni-P Shoulders AHpeni=—5
AHp.p=—35
AH yj_p =—35
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Figure 5. Composition-dependent mean chemical affinity
AH™ for (a) Lazo(Cu,Nir—yisAlis and Pdag(CuNis—)aoPa0
MGs, and (b) (CugsZrgs)00-Alx MGs. The arrows indicate
the directions along which S-relaxations become more pro-
nounced with composition variations in each system [81]
(Copyright 2013 Nature Publishing Group).

mechanism of chemical fluctuations, provides a
quantitative way to predict the B-relaxation behav-
iorin some MGs. Itis noted that this correlation does
not apply to (CugsZros)100—»Al, systems, as shown
in Fig. Sb—demonstrating that ‘fluctuations in the
values of enthalpy’ are a more general argument.

In binary MGs, there is only one A H* and thus
no fluctuation to define. Intuitively, the fluctuation
scenario should be reduced to a correlation between
AH®™™ and the B-relaxation behavior. Whether this
correlation stands for different binary MGs has not
been convincingly checked, because there are insuf-
ficient DMA data for binary MGs. However, recent
results from Gao et al. (X.Q. Gao et al. unpublished)
show that this correlation usually holds for many bi-
nary MGs, such as Cuy_,Zr,, Niy_,Zr,, Cu;_,Ti,,
Cu;_,Hf,, and Ni;_,Nb,, with different x, where
MG ribbons can be prepared.

Similar chemical effects have in fact been ob-
served in non-MG systems, such as organic glasses
(molecular glasses and polymers). For example,
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Figure 6. Aging effects on B-relaxation of (a) propylene carbonate and (b) glycerol
for different aging times, measured by dielectric loss spectra [86] (Copyright 2000
American Physics Society).

Casalini ef al. [72] used ~-SCH3 to replace -OCHj;
groups in poly(methyl methacrylate) (PMMA) and
found in their dielectric spectra that the intensity of
the B-relaxation was substantially reduced because
the electronegativity of sulfur is much less than that
of oxygen. Their observations demonstrated that
tuning the chemical interactions can result in differ-
ent B-relaxation behavior in polymers, similar to the
findings in MGs [81].

Mechanistically, these chemical effects on the -
relaxations in MGs (and hopefully in other types of
glasses as well) can be understood, at least qualita-
tively, from the string model, [81] as discussed in the
subsection entitled ‘String-like excitations in MGs’.
In light of this scenario, it is reasonable that strong
and comparable magnitudes of interactions among
all the constituent atoms are needed to achieve the
critical length of the string-like atomic configura-
tions required for the B-events. On the contrary,
weak interactions (or large fluctuations) between

certain atomic pairs would break the string-like con-
figurations, making them less cooperative. Presum-
ably, weakly bonded atoms diffuse readily, and thus
act as ‘cutters’ or ‘anti-glue’ to the string. In other
words, strong interactions hold neighboring atoms
together to form the string-like configurations and to
complete cooperative -events.

Nevertheless, there remain some concerns with
aspects of the effects of chemical composition and
the ‘enthalpy fluctuation scenario’.

(i) A currently known exception is the behavior
of La/Ce-Cu-Al systems, where La-Cu-Al
MGs have shoulder-like B-relaxations while
Ce-Cu-Al MGs show excess wings, although
La and Ce have similar values of enthalpy of
mixing with Cu and Al It is useful to study 8-
relaxations in different MG systems to carefully
check the scenario of ‘fluctuations in the val-
ues of enthalpy’. In particular, exceptions may
serve as new starting points for better under-
standing.

(ii) Since the Miedema model is an empirical esti-
mate, to obtain accurate values of enthalpy of
mixing in a particular system, experiments or
first-principles calculations are required.

(iii) Aswell as this, the values of enthalpy of mixing
might even be concentration dependent.

(iv) Furthermore, this enthalpy of mixing-based
approach does not consider the interactions
between the same kind of atoms, which
could be especially important for binary or
monatomic systems and systems with high
concentrations of solvent atoms.

Effects of thermal history and aging on the
B-relaxations

Glasses exist in a non-equilibrium state, and almost
all their properties are dependent on their thermal
history, i.e. heat treatments such as aging or anneal-
ing, and heat/cooling rates [82-84]. There are nu-
merous studies of the effects of thermal histories
and aging on B-relaxation in molecular glasses, and
a number of intriguing effects have been identified
which have provided important insights into the na-
ture and properties of B-relaxations [40,68,85-90].

By performing long-time aging experiments (up
to five weeks), Schneider et al. [86] observed that the
excess wings of two molecular glasses, propylene car-
bonate and glycerol, develop into shoulders during
aging, as shown in Fig. 6. Their results provided con-
vincing evidence that the excess wing, observed in a
variety of glass formers, is in fact the high-frequency
flank of a B-relaxation, and questioned the impor-
tance of the classification of ‘type A’ and ‘type B’ glass
formers.
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Figure 7. (a) Aging effects on B-relaxation of La-based MG [90]. (b) Effect of cooling
rate on B-relaxation of Zr-based MG, measured by DMA loss spectra [89]; the blue tri-
angles indicate as-cast MGs, while the red squares (circles, in the inset) indicate data
measured at a cooling rate of 3 K/min (Copyright 2010 Wiley-VCH Verlag GmbH&Co.
KGaA, Weinheim).

Aging and thermal history effects on 8-relaxation
in MGs have been addressed in several investiga-
tions. General observations can be summarized as
follows.

(i) Aging and slow quenching can reduce
the intensity of B-relaxation in MGs with
pronounced B peaks or humps, but cannot
totally suppress the PB-relaxation; a typical
example is shown in Fig. 7a fora La MG [90].

(ii) For MGs with B-relaxations that appear as ex-
cess wings, aging and slow quenching can make

these B-relaxations clearer, with shoulder-like
features, as shown in Fig. 7b for a Zr MG [89]
prepared at two different cooling rates. Note
that this is mainly achieved by reducing the in-
tensity of E” below the wing regions, e.g. below
550 K in case of the Zr MG in Fig. 7b.

(iii) Aging can increase E’ (compared to that of
as-cast MGs) at temperatures below the 8-
relaxations.

All these observations in MGs are consistent with
those observed in non-MGs, like molecular glasses
and polymers, suggesting that these are the univer-
sal features of B-relaxations in glassy states. Aging
provides a physical means to tune the behavior of
B-relaxations in MGs, although aging is less effec-
tive than modifying the chemical composition. It
is noted that the studies on aging effects for MGs
have been far from comprehensive, especially be-
cause crystallization of the MGs makes it impos-
sible to examine long-term aging at relatively high
temperatures [91]. On the other hand, long-time
aging could yield significant information. For exam-
ple, Cangialosi et al. [92] recently revealed a double-
step enthalpy-recovery phenomenon at aging times
as long as one year in some polymer glasses. Their
results indicate the presence of two timescales for
glass equilibration. Especially, the equilibration time
of the first recovery step exhibits Arrhenius tempera-
ture dependence while the second step shows super-
Arrhenius behavior, and these two merge together at
higher temperatures—in much the same way as the
temperature-dependent 8- and o-relaxation times.

Finally, we mention that there are some other
means to tune M-relaxations in non-MGs, such
as modifying the functional groups in organic
glasses [72], changing the chain length of molecular
glasses (going from oligomers to polymers) [93,94],
copolymerization and mixing [95-99], crosslinking
[100], and varying molecular weights and distribu-
tions. All of these are only possible because of the
complex molecular structures of organic materials
[94]. However, another method, i.e. applying high
pressure [101-106] to glass-forming liquids, could
potentially be of interest in the study of B-relaxations
in MGs; modifications of currently available measur-
ing facilities would be required.

POSSIBLE MECHANISM OF
B-RELAXATION AND SOME
CONTROVERSIAL PERSPECTIVES

The actual degrees of freedom involved in
B-relaxation have not been clearly identified.
Discovering the mechanism is not only a central
problem in studies of B-relaxations, but also one of
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the most challenging issues in glassy physics [11].
Although there are several models and hypotheses,
controversy remains about the mechanism of
B-relaxation. Here we review these contentious
points of view, paying particular attention to insights
gained from MGs.

Homogeneous versus inhomogeneous

Johari first suggested that B-relaxation was a local
motion in loosely packed isolated regions [21,22].
These regions were referred to as ‘islands of mobil-
ity’ or ‘defects’, in a mechanically rigid structure of a
glass [21,22]. This picture, however, does not spec-
ify what these regions are or the temperature depen-
dence of their sizes. In MGs, such regions were in-
tuitively assigned to regions of lower density and re-
duced mechanical stiffness [107]. Johari’s picture,
in a sense, is a spatially inhomogeneous scenario,
where only a small fraction of atoms take part in the
motions associated with the f-relaxations. On the
other hand, Williams and Watts proposed an alter-
native view that B-relaxation is due to the motion
of ‘essentially all molecules with a nearly tempera-
ture independent small angle’ [108,109]. Both these
scenarios find some support from experimental re-
sults. Specifically, the solvation dynamics observa-
tions of Wagner and Richert [110] have indicated
that the atomic motions associated with -relaxation
in a D-sorbitol liquid occur in a spatially uniform
manner. Some NMR results also support the spa-
tially homogeneous scenario [111-114]. However,
Johari noticed that when several properties were
examined together (especially aging and densifica-
tion effects), the homogeneous scenario is not fa-
vored [22]. By considering the correlation between
B-relaxation and diffusions in MGs, Yu et al. sug-
gested that it is unlikely that all the atoms take part
in the B-relaxation in MGs [115].

On the other hand, the heterogeneous dynam-
ics of the a-relaxation have been established in re-
cent years [116-118]. One important class of meth-
ods are those that examine ‘non-linear dynamics’;
examples of these approaches are multidimensional
NMR, dielectric spectra ‘hole-burning’ [119,120],
large field dielectric spectra [121,122], microwave
heating [123], and aging dynamics [124,125]. In
principle, these appealing methods can be trans-
terred to study the B-relaxations, although there
have only been a few such attempts.

Cooperative versus non-cooperative

The (-relaxation was initially considered to be anon-
cooperative process. However, some recent studies

have demonstrated that the B-relaxation must in-
volve some degree of cooperativeness. By mixing
toluene with other molecular liquids, Micko et al.
[126] found that there is a threshold concentra-
tion, and below this (~75% of toluene) the re-
laxation strength and dynamics of the B-process
change abruptly. Similar behavior was also observed
by Yu et al. [44] in a systematic study on La/Ce-
based MGs (see the section entitled ‘CORRELA-
TIONS BETWEEN B-RELAXATION AND «-
RELAXATION’). These results provide strong ar-
guments for the B-relaxation in molecular and MGs
being cooperative. However, it is not clear whether
this conclusion stands as a general rule for all glass-
forming materials.

Translational versus reorientational
motion

In some organic glass-forming materials, the molec-
ular motions associated with S-relaxations were
considered as reorientational jumps of molecules.
This view was particularly substantialized in plastic
crystals [127,128]. Those materials are composed of
weakly interacting molecules possessing reorienta-
tional or conformational disorders while the trans-
lational degrees of freedom are frozen as crystalline
states. Obviously, such a mechanism cannot be
directly applied to MGs, since there is no reorienta-
tional degree of freedom of atoms, which is the basic
‘building block” in MGs. These differences, if cannot
be properly reconciled, question the existence of
a universal interpretation of the mechanism of
P-relaxations in various glass-forming materials
[128].

Length scale
The typical length scale

B-relaxations has been suggested to range from

associated  with

very local (the first atomic shell) to quite extended
(several tens of nanometers) by different authors
[11,43,126,129,130]. For MGs, by identifying
that S-relaxations and shear transformation zones
(STZs) have the same activation energy, Yu et al.
first assumed that f-relaxations could take place
in spherical regions containing approximately
200 atoms [43]. In a Pd-Cu-Si MG, Bedorf and
Samwer [129] studied the effects of length scale
on relaxations and found that by reducing the
film thickness to <30 nm the B-relaxations were
effectively suppressed, and therefore the length
scale associated with f-relaxations should be of the
same order (or smaller). On the other hand, the
composition-dependent f-relaxations in molecular
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glasses studied by Micko et al. [126] seem to indi-
cate arather small correlation length, and apparently
a certain minimal local concentration is sufficient
for a given molecule to exhibit B-relaxation in the
glassy state.

Potential energy landscape perspective

Stillinger suggested that S-relaxations correspond
to rearrangements of the system between neighbor-
ing potential energy minima, while o/-relaxations in-
volve a series of such rearrangements in cooperative
manner, which move the configurations from one
megabasin of the potential energy surface (PES) to
another [131]. Since the overall activation energy is
larger for the a-relaxations, they would be frozen out
at higher temperatures, while B-relaxations can sur-
vive to very low temperature. Such a descriptive pic-
ture is consistent with experimental observations. By
modeling the PES of the B-relaxation as an asymmet-
ric double-well potential, Dyre [ 132] successfully ex-
plained the hysteresis of the dielectric B-loss peak
frequency and magnitude during cooling and re-
heating through the glass transition of tripropylene
glycol. In MGs, there is a cooperative shear model
(CSM), which relates the PES, «- and B-relaxations,
and mechanisms of plastic deformation of MGs. The
CSM s discussed in the section entitled ‘Relating 8-
relaxations to activation of STZs’.

Tanaka’s model and emergence of rigidity

In 2004, Tanaka [133] proposed a phenomenologi-
cal microscopic model of B-relaxation from the per-
spective of local reorientational fluctuations. In this
model, az-relaxations correspond to the creation and
annihilation of metastable islands in supercooled lig-
uids, while 8-relaxations correspond to a kind of re-
stricted, jump-like, reorientational, and vibrational
motion within these solid-like metastable islands.
One prominent feature of Tanaka’s model is that the
existence of solid-like metastable islands is a prereq-
uisite for the existence of S-relaxations.

Saito et al. [134] recently mapped the relaxation
times of inter- and intramolecular correlations in o-
terphenyl using a quasi-elastic scattering method.
They found that the B-process is decoupled from
the a-process at 278 K; this temperature is clearly
below the previously known decoupling tempera-
ture of 290 K, at which the o-relaxation dynam-
ics change. They concluded that a sufficiently solid-
like condition, achieved by further cooling from 290
K, is required to decouple the B-process from the
a-process. Their results seem to support Tanaka’s
model.

String-like excitations in MGs

Recently, based on the random first-order transition
theory [135], Stevenson and Wolynes [136] pro-
posed a universal origin for secondary relaxations
in supercooled liquids and glasses. They showed
that the o-relaxation takes place through activated
events involving compact regions, while the B-
relaxation is governed by more ramified, string-like,
or percolation-like clusters of particles. Samwer et al.
adapted this concept to MGs, incorporating it with
a CSM [137-139], and further suggesting that a 8-
event can be considered as a string of atoms that
moves back and forth reversibly and cooperatively
within the confinement of the surrounding elastic
matrix [ 129]. This suggestion has been applied to in-
terpret the observed chemical effects on S-relaxation
[81] and the correlation between B-relaxation and
diffusion of the smallest atoms in MGs [115]. By
molecular dynamics (MD) simulation ofa real DMA
experiment, Cohen et al. [ 140] recently showed that
randomly pinning only a small fraction of atoms
(~2%), and not allowing them to participate in the
relaxation dynamics, can strongly suppress the -
relaxationsin amodel 2D Lennard-Jones glass. Such
a result supports the idea that B-relaxation is re-
lated to the motions of string-like configurations. Al-
though string-like excitations have been inferred in
some simulations [140-142], there is still no direct
experimental evidence for this model.

CORRELATIONS BETWEEN
B-RELAXATION AND «-RELAXATION

One important reason for the theoretical inter-
est in studying B-relaxations in glass-forming ma-
terials is that recently their connections to the
central challenge of glassy physics, the nature of
the glass transition [5,12], have been revealed.
Traditionally, o-relaxation was believed to be mainly
responsible for the glass transition phenomenon,
while the S-relaxations, which occur at shorter
times or lower temperatures, were thought to play
an unimportant role in glass transitions. However,
many recent findings have demonstrated that S-
relaxations are connected to o -relaxations or glass
transitions; in fact, B-relaxation can be considered
the dynamical precursor of a-relaxation [5,11,12].
This topic is now being actively discussed in differ-
ent kinds of glass-forming materials and has been ex-
plained theoretically by a coupling model of Ngai.
Specifically, the coupling model predicts quantita-
tively the locus of the B-relaxation on the relaxation
spectrum from knowledge of the corresponding o-
relaxation [5,11,12]. At any temperature T and pres-
sure P, there is a general relationship between the
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a-relaxation time 7,(T, P) and the B-relaxation
time 74(T, P) [5,12]:

log[7o (T, P)/74(T, P)] ~ nlog[.(T, P)/t].
)

where n(T, P) is the complement of the stretch ex-
ponent, Bxww = (1 — n), of the Kohlrausch correla-
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tion function of the a-relaxation in the time domain
@(t) =exp[—(t/t4) "], while t. is a crossover time
from uncorrelated (short-time) to correlated (long-
time) dynamics and is about 0.2 ps for MGs or about
2 ps for molecular glasses. Recently, Ngai ef al. [ 143]
reported that Equation (3) holds reasonably well for
MGs (see Fig. 8). Note also that at ambient pres-
sure and Ty, if we define 7, = 100 s (or some other
arbitrary value), Equation (3) reduces to a relation-
ship between 7 g and #, as seen in Fig. 8. Also, Equa-
tion (3) is well established in many molecular glass
formers [12].

Equation (3) has also implications for under-
standing the separation of - and B-relaxations, i.e.
the excess wing and peak problem. At specific T
and P, Equation (3) indicates that the magnitude
of 74(T, P)/74(T, P) is dependent on n. For an
extremely small n — 0, the difference between
7/T g would be too small to be distinguished and
these two relaxations should be coupled together,
i.e. the excess wings should occur. Although n
is hard to obtain accurately in MGs (due partly
to the rapid crystallization of their supercooled
liquids), considering that n and fragility m could be
correlated in MGs with nearly similar compositions,
Yuet al. [11,44] recently demonstrated a correlation
between the behaviors of S-relaxation and m in a
systematic study on (Ce,La;_,)ssAl;oCusCo,
(where 0 < x < 1) MGs, as displayed in
Fig. 9a-d. In this system, the Ce-rich MGs
have small values of fragility and show B-relaxations
as excess wings, while the La-rich ones have larger
fragilities and show B-relaxations as humps; both
the fragilities and shape of the S-relaxations change
systematically with x. In addition, Fig. 9b and d
shows that the curves for f-relaxation and fragili-
ties as a function of composition adjustments
are sigmoidal, indicating a clear transition. This
may be a sign that the f-relaxation is coopera-
tive in nature. The structures and dynamics of
the MGs change drastically with alloying [11].
However, a clear understanding of the relation-
ships between atomic structures and relaxation
dynamics in glassy materials has still not been
reached [11].

On the other hand, we know that chemical fluc-
tuations correlate with B-relaxation behavior. It will
be an interesting topic to investigate the relation-
ships among m, n, and enthalpies of mixing and
B-relaxation behavior in MGs.

Over the past decade, Eg values for many MGs
have been determined [11,13,43,59]. An approxi-
mately linear relationship between Eg and T, was
obtained [11,43] and see Fig. 10:

Eg =26(£2)RT,. 4)
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As T, is the characteristic temperature that sig-
nals the arrest of the «-transition, this relation-
ship can be considered as further evidence of the
correlation between f-relaxation and «-relaxation
(or glass transitions). Within the coupling model,
there is a similar relationship between Eg and T,
as demonstrated by Ngai and Capaccioli for organic
glass-forming materials [144]. We will not discuss
correlations between «- and f-relaxations in MGs
in further detail, as this topic is far less explored
in MGs.

CORRELATIONS BETWEEN MECHANICAL
PROPERTIES AND S-RELAXATION IN
MGS

Deformation of MGs and STZs

Mechanical properties of MGs are of great interest
to the materials science community [145-147].
Macroscopically, deformation of MGs is highly tem-
perature and strain rate dependent. At low tempera-
tures and high strain rates, deformation is essentially
localized in some thin layers, called shear bands
(which have estimated thicknesses of ~10-100 nm)
[148]. At higher temperatures, especially within the
supercooled liquid regions, MGs can be deformed
homogeneously, either by non-Newtonian or
Newtonian flow depending upon temperature and
strain rate [145-147].

The deformation mechanism of MGs (or any
other disordered system) is not well understood
[145-147]. This is in sharp contrast to that in crys-
talline materials. In crystalline materials, mechani-
cal properties and deformation mechanisms can be
well explained on the basis of atomic and electronic
structures plus lattice defects, such as dislocations,
twins, crystal boundaries, and so on. The deforma-
tion mechanisms of crystalline materials have be-
come one of the most well understood physical sub-
jects, where physics has enjoyed great success, and
upon which modern materials science has been built
[149]. In MGs, however, the atomic structure is dis-
ordered and there is no reference lattice to which lat-
tice defects can be related. The deformation mech-
anisms of glassy materials are an outstanding chal-
lenge in condensed matter physics and materials sci-
ence.

Microscopically, the deformation of MGs is pro-
posed to be accommodated by plastic rearrange-
ments of atomic regions involving several tens or
hundreds of atoms, termed STZs or, more gener-
ally, ‘flow units’ [150-153]. The STZ, as revealed by
computer simulations and observed in colloidal sys-
tems, is essentially a group of atoms within a rela-
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Figure 10. Relationship between E4z and AT, for different
MGs; the lines are least-squares linear fits [11].

tively loosely packed region that undergoes an in-
elastic distortion from one configuration to another,
crossing an energy barrier. Such an apparently sim-
ple definition hides considerable complexity, and
various fundamental questions about STZs remain
open, including the geometrical and structural as-
pects of potential STZs, their activation mecha-
nisms, and how STZ events evolve into shear band-
ing [11,145-147,150-153].

Relating S-relaxations to activation of
STZs

Recently, there is growing interest in the connec-
tions between the mechanisms of plastic deforma-
tion and the relaxations of MGs [11,35,43,137—
139]. On the basis of Frenkel’s analysis of shear
strength for a dislocation-free solid, Johnson and
Samwer proposed a CSM to study the deformation
mechanisms in MGs [137-139]. In the CSM, defor-
mation and flow are modeled as activated hopping
between inherent states across energy barriers that
are assumed to be, on average, sinusoidal. This treat-
ment gives rise to a functional relationship between
viscosity and isoconfigurational shear modulus G,
leading to rheological laws describing the Newto-
nian and non-Newtonian viscosity of MG-forming
liquids over a broad range of rheological behavior. In
the CSM, the potential energy barrier of an STZ is
given as [137-139]

W = (8/72)Gy2c R, ()

where €2 is the average volume of an STZ, y . the
average elastic limit, and ¢ a factor arising from
the matrix confinement of an STZ. The CSM was
originally introduced to elucidate the temperature
dependence of yield strength, yet it has also been
shown to provide an effective interpretation of many
aspects of mechanical behavior of MGs.
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Figure 11. 2D schematic illustration of B-relaxation (STZ activation, top-left panel), a-
relaxation (flow and yielding, top-right panel), and their corresponding potential energy
landscapes (bottom panel). The filled circles represent atoms with low propensity for
motion, while the open circles represent atoms with high propensity for motion. The
red/bold arrows indicate the possible motions of atoms. The B-relaxation (potential
STZ event) is localized with a cooperative nature, and is reversible because the atoms
are confined by their surroundings, while «-relaxation (percolation of STZs, or plastic
flow and yielding) incorporates large-scale atomic migration and is irreversible.
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Figure 12. Relationship between Eg and Wy [11] (Copyright 2013 Elsevier Ltd).

From the CSM, Harmon et al. [138] firstly sug-
gested that the isolated STZ events confined within
the elastic matrix are associated with B-relaxations,
while percolation of these transitions, leading to the
collapse of the confining matrix and breakdown of
elasticity, is associated with the o-process. A 1D
schematic drawing of a potential energy landscape il-
lustrating their concepts is presented in Fig. 11.

Direct experimental evidence about the relation-
ships between STZ events and B-relaxations was
given by Yu et al. [11,43]. From their measured val-
ues of G and estimated values of €2 for more than 40
kinds of MGs, the molar potential energy barrier of
an STZ, Wgry, has been estimated as

WSTZ = N()W ~ 0.39G Vm, (6)

where Nj is the Avogadro constant and V/,, the mo-
lar volume. A remarkable finding is that, as shown in
Fig. 12, Wgr and Eg are almost equivalent to each
other in all known MGs, i.e.

Wsrz = Eg. (7)

This equality was further verified to hold in indi-
vidual systems of MGs, such as Zr-, Cu-, Fe-, or rare-
earth-based MGs, demonstrating that activation of
STZs and the B-relaxations are directly correlated.

The correlation between S-relaxations and acti-
vation of STZs is also supported by molecular simu-
lations. For example, Rodney and Schuh [154] sim-
ulated the shear deformation of a 2D CusgZrso MG
and obtained spectra of activation energies of STZs.
For the undeformed MG, a peak is centered at about
0.72 eV (corresponding to ~70 kJ/mol) indicating
that Wgrz ~70 kJ/mol. For bulk CusoZrsy MGs,
Eg can be estimated (from Equation 4) to be Eg ~
26RT; ~ 150 kJ/mol. Glass transition theory also
predicts a lowering of the surface activation energy
by a factor of 2 from that of the bulk [155]; this im-
plies that Eg ~75 kJ/mol for the 2D CusoZrso MG.
Such a value is very close to the Wgrz, ~ 72 KJ of
Rodney and Schuh [154]. For a deformed MG,
Wgrz decreases, indicating a change in the glass
structure and tilting of the potential energy land-
scapes. Although this comparison is very rough and
deserves further clarification, it has important impli-
cations, as this conclusion depends on neither the
CSM nor on the geometry of the STZs.

Correlations between deformability, 3-
relaxations, and activation of STZs

Since STZs are generally considered to be the ba-
sic structural units of deformation in glassy solids,
analogous to dislocations in crystalline materials, it is
of practical importance to see how the properties of
STZs affect the mechanical properties of MGs. Gen-
erally, two properties of STZs have been evoked to
explain the different mechanical behavior of MGs:
the activation energy Wsrz and the volume of an in-
dividual STZ, QSTZ'

Poisson’s ratio v, when plotted against Wsrz =
Eg for many Au-, Pd-, Pt-, Zr-, Cu-, Fe-, and
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Figure 13. Correlations between (a) Wsr; and Poisson’s ratio [42] (Copyright 2010
American Physics Society). (b) Wsrz and fracture tolerance Jyax, redrawn using data
from [157] (Copyright 2011 Acta Materiala Inc.).

some late-rare-earth-based MGs in Fig. 13a [11,43],
demonstrates yet another correlation between these
quantities. This result has important implications
for mechanical properties of MGs because Pois-
son’s ratio is an indicator of ductility. Thus, the
B-relaxations, like the STZs, are fundamental as-
pects of plasticity, yield stress, and ductility of MGs.
Lower Wgr, means that STZs are easily activated,
and thus the corresponding MGs show better duc-
tility and toughness. Exceptions to this correlation
are found for some MGs based on Ca, Ce, Yb, and
Mg, shown in the box in Fig. 13a. Yu et al. [11,43]
suggested that this is caused by the low T, (near to
or possibly lower than room temperature, at which
MGs are fabricated and kept) and/or low oxidation
resistance of these MGs, and that processes such as
physical aging and oxide deterioration are involved.
This suggestion was recently confirmed by Madge
et al. [156]. They showed that the Mg-, La-, and Ce-
based glasses are very prone to oxidation and that
their limited oxygen solubility always leads to ox-
ide inclusions in the glassy matrix, thus drastically

decreasing fracture toughness. If these factors are
carefully avoided, these MGs are in fact much
tougher. Fig. 13b [157] shows the maximum strain
energy release rate J;,,.y, which is a direct measure of
fracture toughness, for some Zr-based MGs, as mea-
sured by He et al; these ], values correlate well
with Wgrz, demonstrating again that Wyt canbe an
indicator of macroscopic mechanical properties.
There are intriguing perspectives on the relation-
ship between the volume of STZs and the ductility
of MGs [158,159]. By performing nanoindentation
experiments, Pan et al. [158] characterized the size
of STZs in some typical MGs. They reported that
the ductility of BMGs is correlated with their STZ
volumes, as shown in Fig. 14a. They suggested that
a large STZ volume, compared with a smaller one,
means that fewer STZs need to be activated to nu-
cleate a shear band, and these large-size STZs dur-
ing plastic deformation can produce large internal
concentrations of applied stress where thermally ac-
tivated production of new flow becomes easy. On
the other hand, Liu et al. [159] took measured val-
ues of Eg for MGs and used them as Wgrz to ob-
tain the STZ volume from the CSM model, via Equa-
tions (4), (5), and (7). Their results, as shown in
Fig. 14b, indicated that ductility and STZ volumes
are anti-correlated, in contradiction to the results
of Pan et al. [158]. Liu et al. [159] suggested that
a smaller STZ, when compared with a larger one,
enables more STZs to be activated for the nucle-
ation of more shear bands, and promotes the forma-
tion of multiple shear bands and larger plasticity in
MGs. These two conflicting results indicate that the
relationship between ductility and volume of STZ
is still unclear. As well as this, the complicated ge-
ometry of STZs under large stress/strain as revealed
by simulations and experiments in colloidal glasses
makes it more difficult to examine the correlation be-
tween geometry of STZs and ductility of MGs. The
energies, Wsrz and Eg [11,43], and other features of
B-relaxations, are likely to be more important in the
mechanisms of plastic deformation of MGs.

Achieving tensile ductility in MGs by ac-
tivation of S-relaxations

Regarding the mechanical properties, a serious
drawback of MGs is their brittleness. Some MGs
show considerable plastic strain under constrained
deformations, such as compression and bending;
however, the unconstrained tensile plasticity of MGs
is almost nil [145-148]. Although substantial ef-
forts have been made to enhance the tensile ductil-
ity of MGs, it is still an outstanding challenge to ob-
tain MGs with macroscopic tensile ductility at room
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and (b) inferred from B-relaxation data of Liu et al. [159]
(Copyright 2012 Acta Materiala Inc.).

temperature. Meanwhile, the lack of tensile plastic-
ity also hinders studies on some fundamental issues,
such as the mechanisms of plastic deformation.
Recently, insights from the correlations between
B-relaxation and STZs were exploited to success-
fully mitigate the brittleness of MGs [35]. The idea
is straightforward: as B-relaxation is related to the
activation of STZs, one could expect that MGs with
pronounced B-relaxations at relatively low temper-
atures might be macroscopically ductile. The La-
based MGs, presented in Fig. 2a, are such candi-
dates. In a Lagg sNijeAl14Co; s MG, macroscopic
tensile plasticity has indeed been achieved at and
near room temperature by the activation of the -
relaxation, as shown in Fig. 15 [35]. Besides, the me-
chanical properties of the La MG are strain rate de-
pendent. As demonstrated in Fig. 16, tensile plas-
tic strain begins to appear at about 313 K when the
strain rate is 1 X 1075 s™!, but does not appear un-
til about 323 K at 1 x 10™* s™!; the temperature

for plastic strain increases to about 343 K when the
strain rate is 1x 1073 s71, Fig. 17a summarizes the
temperature—strain rate deformation map, and re-
veals a clear ductile-to-brittle transition (DBT). Re-
markably, the B-relaxation and DBT follow simi-
lar temperature—frequency dependence in an Arrhe-
nius plot, as shown in Fig. 17b. Furthermore, the
deformation and fracture morphologies, as shown
in Fig. 17c and d, confirm the ductile nature of the
MG when the S-relaxation is activated. These results
demonstrate that B-relaxation and DBT share the
same dynamics, and the activation of §-relaxations s
a necessary condition to achieve tensile plasticity in
MG. It also suggests that mechanical properties can
be understood and even predicted from the perspec-
tive of B-relaxations [35].

Fig. 18 compares the mechanical behavior of the
La MG with some other typical MGs in a deforma-
tion map [35]. It clearly shows that the La-based MG
has tensile ductility in its glassy state, in sharp con-
trast to many other currently known MGs, for which
brittleness is maintained very close to Ty, even in
constrained (compressive) deformation. For exam-
ple, Cu-, Zr-, and Ti-based MGs [ 160-166] show ex-
clusively brittle behavior from 0.7T, to 0.9T,, and
Ce-based MGs [164], with similar T, to La MG, are
purely brittle, even at a test temperature of 0.92T,
and strain rate of 10~ s~!. An Sr MG [164], with
even lower T, & 323K (its B-relaxation curve is ex-
cess wing), shows its DBT at a higher scaled tem-
perature, that is associated with its ot-relaxation. This
comparison confirms that the tensile ductility of the
La MG is due to its pronounced B-relaxation at rela-
tively low temperatures, rather than to its low Tj.

To further demonstrate the deformability of
MGs with different S-relaxations, Wang et al. [167]
recently conducted a comparative study, as shown
in Fig. 19. The La;oNijsAl;s MG exhibits a pro-
nounced f-relaxation peak as well as impressive ten-
sile elongation when deformed at 0.75T, where its
B-relaxation is activated. On the other hand, the
CuysZrysAgio MG shows only an ‘excess wing’ 8-
relaxation, merged with the «-relaxation, and its
tensile elongation is negligible when deformed at
0.75T,. Their results confirm that the S-relaxation,
when activated, is a good indicator of the mechani-
cal properties, as firstly suggested by Yu et al. [35].

As well, the relationship between f-relaxation
and DBT, shown in Fig. 17b, may suggest some
fundamental aspects of the deformation mecha-
nisms of MGs. In a wide range of crystalline ma-
terials, the apparent activation energy of the DBT
is equal to the activation energy for dislocation
glide (known as the Peierls stress), clearly demon-
strating that in crystalline materials the underlying
mechanism of DBT is controlled by the mobility of
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Figure 15. (a) Tensile stress—strain curve, (b) HRTEM with (inset) nanodiffraction, and (¢) thermal properties measured by
DSCofa L658_5Ni15A|14C01_5 MG.

(a) 400 [ T T T T T T ¥ T L3 T |
273K RT 18K

< 300 e
o
=

& 200 ]
7]

100 i

Strain rate: 1.6x10% s
0 L L L L L L

0 1 2 3 4 5 6 7

(e 40T R ook

€W 343K |
L

S o} |
g

%100+ i

Strain rate; 1x10* s
0 . ; .
0 1 2 3

Strain (%)

(b) 400

300

200

100

(d) 400

300

200

100

93K 313K
L 323K |
Strain rate: 1x10° s
0 1 2 3 4
333K 343K
353 K
Strain rate: 1x10° s
0 1 2 3 4

Strain (%)

Figure 16. The engineering stress—strain curves (in tension) of a La MG tested at strain rates (a) 1.6 x 106 s, (b) 1 x
10%s7",(e) 1 x 10~*s~", and (d) 1 x 103 s~" [35] (Copyright 2012 American Physics Society).

$T0Z ‘Gz aunr Uo g 1S9 A1SIAIUN 91815 BUOZ 1Y 12 /610°S[euIno [pJoxo° su//:dny Wwouj pepeoumoq


http://nsr.oxfordjournals.org/

REVIEW

(a) :

Yuetal | 19

10% EEENIOGO
Brittle

10 EEeo6e

Strain rate (s)

| BRI X )
Ductile

0°r a NN 0000000

Homogeneous flow

b)

In (f/Hz)

@ [-relaxation =3 =\ ]
R .
: E — - _ TabW

0.6 07 0.8 09

(c)

0 26 28 30 32
1000/T(1/K)

Figure 17. (a) Deformation mode map summarizing tensile tests at different temperatures and strain rates, see [35] for the
meanings of the symbols. (b) Arrhenius plot of DBT and B-relaxation of the MG. (¢) Image of the MG before and after tensile
testing. (d) SEM image of a La MG ductile fracture surface (Copyright 2012 American Physics Society).

dislocations [168,169]. In the case of MGs, the acti-
vation energies for STZ formation and f-relaxation
are similar, meaning that one can infer that the DBT
of MGs is closely related to the activation of STZs
as well as the f-relaxation. However, deep connec-
tions between DBT and the motions of deformation
units (dislocations in crystalline materials or STZs
in MGs) are not established. Nevertheless, it is an
attractive prospect to incorporate insights from S-
relaxations to design new materials with superior
properties.

Manifestations of pS-relaxation under
creep and stress relaxation

Creep and stress relaxation describe how materials
relieve strain/stress under constant stress/strain as a
function of time, and have also been studied to shed
light on the deformation mechanisms of MGs [170~
176]. Parket al. [ 172] reported that elastostatic com-
pression (i.e. compressive creep at low stress level)

imposed on MGs at room temperature could en-
hance their subsequent compressive plasticity. They
initially attributed this observation to some kind of
irreversible structural disordering induced by creep.
Sandor et al. [173] found, from elaborate NMR mea-
surements, that creep can induce atomic processes
that lead to changes in local site symmetry at Al
sites in a La—Ni-Al MG. Sandor et al. [173] also
estimated the activation energy of such processes;
interestingly, their activation energy value matches
well with the activation energy of B-relaxation in the
same MG.

In a long-time stress relaxation measurement,
Jiao et al. [174] observed double power-law be-
havior of the decaying stress, as shown in Fig. 20a
and b. They suggested that such a transition in-
dicates a crossover from stochastic activation to
self-organized cooperative motion of STZs. On the
other hand, we can demonstrate here that such a
transition, in essence, is a manifestation of the S-
relaxation. For the erz_sTi5CU17_9Ni14_6A110 MG,
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Figure 18. The deformation modes (brittle versus
ductile) of six typical MGs compared with a La
MG. They include ZrssAligNisCus ([158], circles),
AU49AQ5_5sz}30U25,98i153 ([159] diamonds), CU4BZI'45A|3
([162], hexagons), TisZrsNizCuipBey ([163], squares),
ZnyCazgSrygYhyoli;iMgg  ([164],  pentagons),  and
ZresAl;sNigCuyzs  ([165], triangles). The filled black
symbols represent brittle fracture, while the open red sym-
bols represent ductile deformation. The blue dashed curve is
the brittle-to-ductile boundary of a LaggsNiigAli4Cor5 MG;
to the right of this boundary the La MG shows significant
tensile plasticity. In the shaded region, the MGs deform via
homogeneous flow.

the crossover time is about 7. = 277 s at 540 K, de-
termined from Fig. 20b. Fig. 20c shows the DMA
curves (E”) of the same MG. Its B-relaxation man-
ifests as a feeble relaxation hump or excess wing;
the flank of a weak B-relaxation is submerged un-
der a much stronger o-relaxation. This makes it
hard to quantitatively determine the dynamics of
the B-relaxation. Nevertheless, considering that the
strengths E” of B-relaxation in MGs are weakly tem-
perature dependent and usually about 1/10 of that of
the a-relaxation (see the section entitled ‘Low am-
plitude and increases with temperature’), it is plau-
sible that f-relaxation occurs in the temperature
and frequency regime marked in Fig. 20c. Plotting
this regime together with the crossover time (con-
verted to frequency via T = 1/27f) in an Arrhe-
nius frame, as shown in Fig. 20d, clearly indicates
that both of them occur in the same temperature and
time regime and even show similar Arrhenius dy-
namics. Further careful and well-considered experi-
ments are expected to verify the above correlation.
At even longer timescales or higher temperatures,
another crossover associated with the o-relaxation
can be expected.

Overall, the above findings from creep and stress
relaxation demonstrate once again the intimate
connections between B-relaxation and mechanical
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Figure 19. Comparative studies between a La MG and a
CuZr MG (a) DMA spectra and (b) tensile stress—strain
curves, redrawn from [167].

properties, and the importance of these connections
inunderstanding the deformation mechanisms [11].

Shear band dynamics, activation of STZs,
and the theoretical strength of MGs

At ambient and low temperature (strictly speaking,
low scaled temperature, T/T, < 0.8), plastic defor-
mation of MGs is localized into shear bands [148],
which concentrate large plastic strains in extremely
thin ribbon-like regions. These shear localizations
control the macroscopical ductility of MGs, and are
thus of much current interest. There are substantial
studies on various aspects of shear bands: their ge-
ometry, structures, initiation, propagation, temper-
ature rises inside them, and structural softening as
well as the evolution from STZs to shear bands.

In a wide range of mechanical deformation tests,
including compression, bending, and indentation,
shear bands manifest as serrated flow behavior in
the stress—strain curves, i.e. the stress/strain drops
and increases jerkily; a typical example is shown
in Fig. 21a [177,178]. Although the serrated or
intermittent plastic flow is widely observed, the
underlying physical mechanism is still not well
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Figure 21. (a) A typical compressive deformation curve of a
Zr MG; the inset shows serrated flow [177] (Copyright 2009
Acta Materialia Inc.). (b) Map of temperature and strain
rate combinations for serrated flow, showing a boundary be-
tween serrated and non-serrated flow [179].

understood [178]. A characteristic feature of ser-
rated flows is that they tend to be suppressed at
high strain rates or low temperatures and disappear
at some critical combinations of temperature and
strain rate (as shown in Fig. 21b), which reflect a
transition from serrated flow to non-serrated flow
[179-182]. Some authors have found that this tran-
sition follows an Arrhenius relation in several MGs
[179-182]. They found that the activation energies
of these transitions, AE;, range from 0.3 to 0.5 eV
(30-50 kJ/mol) for typical Pd-, Zr-, and Fe-based
MGs. Loftler and colleagues interpreted these values
as being the activation energy associated with STZs
[179]. However, it is noted that these values of AE;
are much smaller than those previously estimated us-
ing Wsrz &~ Eg. In Table 2, we collected the avail-
able data for AE, Tg, and the estimated Wyr; ~
Ep &~ 26 RT,. One can see that the values of the
ratio AE;/Wgry are nearly constant ~0.25 for all
these MGs. This relationship implies that although
AE; may be related to Wsry, they are not identical.
We suggest that the small values of AE; compared
to Wsyy are caused by the fact that AE; is measured
at the yield stress, while the Wy, values estimated
from Eg are measured at very low stresses. In DMA
measurements, the stress used is well below 10% of
the yield stress.

We demonstrate here that such a difference be-
tween AE; and Wyr7 is consistent with the CSM and
has implications for the understanding of the the-
oretical strength of MGs, another interesting topic.
From the CSM, the height of the energy barrier to
activation of an STZ, W(t ), decreases with increas-
ing shear stress T as

Wsrz (1) = 4RGoy? [(1c — 7)/7]* ¢ QN,,

(8)
where 7. is the stress at which Wgtz = 0, which
is also the upper (ideal or theoretical) limit of
strength of MGs from the CSM. Assuming that
the volume of the STZ does not vary significantly
with stress, one can obtain Wsrz(t)/Wsrz(0) =
(1—t/1)% Taking the experimental value Wyt
(Ty)/WSTZ (0) = AE,/Wsr; = 0.25, one can ob-
tain T,/7 .~ 0.6 with T, the observed yield strength;
this suggests that MGs yield macroscopically at 0.6
times their ideal stress. Recently, Tian et al. [184]
performed in situ TEM tensile deformation of a
CusoZrso MG. By reducing the size of samples down
to 100 nm to suppress shear banding, they found
that the yield stress increased from the bulk value of
2.6 to 3.7 GPa, which approaches the ideal strength
predicted above, because 2.6/0.6 ~ 4.3 GPa. If in
fact the volume of STZ increases at higher stress lev-
els, the ideal strength of the CusoZrso MG could be
lower than 4.3 GPa and closer to the value found by
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Table 2. Glass transition temperature Ty, activation energy of shear banding A£;,
and activation energy of the S-relaxation £4 [estimated from Equation (4)] for some

typical MGs.

MG Ty (K) AE;(/mol)  Ep (KJ/mol)  AE/Ep
Pd5CugSijg [183, p. 213] 635 34 137 0.25
NizFegSijoBiy [183,p.213] 780 43 169 025
Co7sSiioBi2 [183,p. 213] 785 46 170 027
Vit105 [179] 663 31 143 0.22

Tian et al. Nevertheless, the above discussion pro-
vides a consistent scenario that unites the two seem-
ingly different topics of shear-banding dynamics and
the ideal strength of MGs from the perspectives of
STZs and B-relaxations.

Shear banding has not yet been explored in detail
from the perspective of B-relaxation, although its im-
portance has been appreciated in the field of materi-
als science [11,148]. We anticipate that this would
be an emerging and fruitful research direction.

Similar correlations between S-
relaxations and mechanical properties in
polymer glasses

There are similar connections between f-relaxation
and mechanical properties in polymer glasses [15-
18,95-97,185-189]. Historically, after the birth of
polymer materials in the 1920s and about two
decades of research into the synthesis, characteriza-
tion, and fabrication of plastics, researchers paid at-
tention to the mechanical properties of these ma-
terials and tried to relate mechanical properties,
such as impact strength, toughness, and creep resis-
tance to molecular structures and dynamics. At first,
one assumption frequently made was that all poly-
mers, including rubbers, would be brittle at temper-
atures below T},. But exceptions began to be recog-
nized [15]. Then, researchers recognized that most
polymers had transitions and relaxations lying below
T, and that these secondary transitions appeared
quite strong in polymers that were tough below their
glass transition temperature. This gradually led to
recognition of the importance of studying the relax-
ation spectra of polymers over a wide range of tem-
peratures and frequencies as an aid in understanding
their mechanical and physical behavior.

Heijboer [187-189] and Boyer [15], more orless
simultaneously, proposed a relation between impact
toughness and the damping peaks of B-relaxations
that were observed in DMA or internal friction mea-
surements. They suggested that polymers possessing
low-temperature secondary transitions, especially
those related to main-chain motions, would display
good impact toughness at room temperature. As a

typical example, Fig. 22 compares the temperature-
dependent yield stress of polycarbonate [15] and its
tan(8) obtained from DMS [190]. The yield stress
shows two distinct drops at the temperatures corre-
sponding to the 8- and a-relaxations, and this ma-
terial becomes remarkably tough at room temper-
ature after the full activation of the S-relaxation.
There are a vast number of similar examples in poly-
mers [15-18,95-97,185-189]; however, because of
their complex chain structures and motions, there
are also notable exceptions [15,191]. MGs, with very
simple, atomic, structures, provide ideal model ma-
terials to examine this issue [11,35,43]. The simi-
lar connection between mechanical properties and
B-relaxation in different glasses suggests that there
must be some underlying universal physics yet to be
discovered.

RELATIONSHIP BETWEEN RELAXATION
AND DIFFUSION

MGs are also ideal materials for scientific study
of fundamental issues in glassy physics. Over the
past few years, diffusion in glasses and supercooled
liquids has been a subject of considerable inter-
est [3,12,117,192-195]. This is because diffusion is
one of the most fundamental transport phenomena
that occur in nature. For crystalline metals, diffusion
(especially self-diffusion) occurs via single atomic
jumps involving crystalline point defects, such as va-
cancies. However, the situation for glasses is much
more complex. Early experiments were often inter-
preted in terms of a conventional vacancy-like mech-
anism. Now, there is substantial evidence that diffu-
sion in the glassy state is highly collective, involving
many atoms [192].

Polycarbonate (PC)

Yield stress (MPa)

tan(s)

0.01 -

1 n 1 n 1 n
100 200 300 400
Temperature (K)

Figure 22. Comparison between (a) yield stress [15] and
(b) tan(s) [190] of a polycarbonate.

$TOZ ‘Gz 8uUNne Uo Z 159\ A1SIBAIUN S1.IS BUOZ LY T8 /B10°S[euINo[pIo1x0" su//:dny Wwo.) papeoumod


http://nsr.oxfordjournals.org/

(a)

T(K)

1000 950 900 850 800 750 700 650 600
fAI T T T ! T ¥ :I ! T T T T
1074 S Tug vy TeB02K T=TI0K
L |
10724 : Oun :
i om
3 b4
2 10 e
£ ]
s
104 e azp
1| o 57-Co
A 51-Cr
v 103-Pd
m 57-Co [Zéllmer et al. (2003)]
O QNS [Meyer et al. (2002)]
v 62-Ni [Griesche et al. (2007)]
A 108-Pd [Griesche et al. (2007)]
2| © 32-P[Yamazaki et al. (2005)] :
T T T T d T T T T T T T L
10 1" 12 13 14 15 16 17
10000/T7 (1/K)
(b)
1 7’ e [Haumesser et al. (2002)]
107 4 e m (L eral (2002)]
El : calculated with SE
10¢ v from Pd-Diffuion
. ® from P-Diffusion
10 3 O from Co-Diffusion
) . A from Co-Diffuion [Z6llmer et al. (2003)]
© : :
2y : T
= 1 : o
z E :
2 3 ] : :
§ "] L
L] e,
1 .
10 . AAA
El oo ® o o o
108 ] T T : \' T T T
600 700 800 900 1000 1100 1200
T(K)

Figure 23. (a) Arrhenius plot for diffusion in liquid Pds3Cuy; NiioPyq alloys. (b) Compar-
ison of diffusion and viscosity [202]. See [202] for the meanings of the labels (Copyright
2010 American Physics Society).

Besides the mechanism of diffusion itself, the re-
lationship between diffusion and relaxations is an
important topic that has been being actively dis-
cussed with regard to various glass-forming liquids
[3,12]. At sufficiently high temperatures, «- and -
relaxations merge into a single relaxation, and the
diffusion of different components becomes coupled.
Relaxation and diffusion are usually connected by
the Stokes-Einstein relation, which predicts that
Dn/T or Dt,/T should be constants:

D =ksT/(37dn), )

where D is the diffusion coefficient, d the effective
particle radius, and 7 the viscosity; 1 and 7, are con-
nected by the Maxwell relationship:
N= GooTa, (10)
where G, is the instantaneous shear modulus of the
liquid. However, in many glass-forming liquids be-
low approximately 1.2T}, there occurs a decoupling
between D and 1 (or 7,), as well as a decoupling
of the diffusions of different components. In some
fragile organic glasses near T,, diffusive motions are
faster than expected based on their 7, (or 1) by as
much as six orders of magnitude. The origin of the
breakdown of the Stokes—Einstein relation is an out-
standing issue in glassy physics [77,186-201].

Diffusion decoupling and the Stokes-
Einstein relation for the largest con-
stituent atoms

Fig. 23a compares the diftusivities of Pd, Ni, Co,
Cr, and P in a Pd43Ni;oCuy; P59 melt, as collated by
Bartsch et al. [202]. In an equilibrium melt (above
melting temperature T}, ) and down to the tempera-
ture range near T, all these probe atoms show simi-
lar diffusion behavior with nearly identical diffusivi-
ties, i.e. the diffusion of different components is cou-
pled. However, at temperatures below T, significant
decoupling of the component diffusivities can be ob-
served and, importantly, atoms with smaller atomic
size such as P and Cr have larger diffusivities com-
pared with larger atoms, such as Pd (the largest atom
in these glasses). This implies that atomic size dis-
parity plays an important role in diffusion and this
is directly related to the magnitude of diffusion de-
coupling: the smaller the atomic size, the faster the
diffusion.

Fig. 23b shows viscosity data for a Pd-based
MG former together with the diffusion data from
Fig. 23a, converted into effective viscosity accord-
ing to the Stokes-Einstein relation. It can be seen
that the Stokes—Einstein relation, Equation (9), is
well obeyed in normal liquids (T > T,,,) for all the
components, while disparities emerge at a temper-
ature below T. for different components. Remark-
ably, as found by Bartsch et al. [202], the Stokes—
Einstein equation holds very well over at least 14
orders of magnitude for the slowest component
Pd, which is also the majority component and has
the largest atomic size. Other smaller atoms diffuse
faster than the Pd atoms, and the Stokes—Einstein re-
lation breaks down.

The above findings were explained by Bartsch
et al. [202] from the perspective of atomic size
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Figure 24. (a) Temperature dependence of £’ of
PdsgNi;gCuzgPe MG; the frequencies are 1, 2, 4, 8, and 16
Hz from left to right. The dashed lines are the NMR-probed
P atom diffusive hopping rates (as indicated on the top) at
the corresponding temperatures. (b) Same as (a) but for a Zr
MG, where the dashed lines are the NMR-probed Be atom
diffusive hopping rates. Adapted from [11,115] (Copyright
2013 American Physics Society).

disparity. Specifically, they suggested that Pd forms
a slow subsystem in the supercooled melt, inside
which the smaller elements carry out fast diffusion,
while viscous flow requires rearrangement of the Pd
subsystem.

Correlation between 3-relaxation and dif-
fusions of the smallest constituent atoms
in MGs

The results of Bartsch et al. [202] led to another re-
lated question: what is the role of the smallest atoms
in diffusion and relaxation? In a recent work [115],
the dynamics of B-relaxations were compared with
those of the self-diffusion of the smallest constituent
atoms in MGs; these two processes were closely
correlated.

200 T
150 | .
©
£
=
)
=100 |- .
g

50 - =5 f

0 . 1 . L L 1 L
0 50 100 150 200

Eﬁ(kJ/moI)

Figure 25. Comparison between the activation energy of 8-
relaxation £4 and the activation energy of self-diffusion of
the smallest constituent atoms O 4, in different MGs. A lin-
ear relation y = x(the line) fits the data well [115] (Copyright
2013 American Physics Society).

Fig. 24a and b shows the E” curves mea-
sured by DMA of two prototypical MGs,
vit4 and Pd4NijoCusoPy, together with the
temperature-dependent hopping frequencies of
the smallest constituent atoms (Be in vit4 and P in
Pd4oNijoCuszPy) in the corresponding systems,
as measured by NMR. An exciting observation
is that the NMR data fall in the temperature and
frequency range defined by the f-relaxations. As
the hopping probed by is essentially a short-range
form of diffusion, this finding suggests that the
diffusion of the smallest atoms takes place at the
same temperature and frequency range as the
B-relaxation. Furthermore, as shown in Fig. 25, an
equivalence between Eg and the activation energy
for self-diffusion of the smallest constituent atoms
Q.4 has been found to hold in many other MGs,
irrespective of the techniques used to measure
diffusion (e.g. NMR, tracer atoms, elastic back
scattering) [115].

Mechanistically, as schematically shown in
Fig. 26, Yu et al. [115] suggested the following
scenario to explain the correlations between
B-relaxation and self-diffusion of the smallest
constituent atoms. As suggested by theoretical
work and simulations, a B-event is considered to
be a string of atoms that moves back and forth
reversibly and cooperatively within the confinement
provided by the surrounding elastic matrix. When
two strings of atoms move towards each other
and get close enough (as schematically shown by
step 1 in Fig. 26b), the small atom at the end of
one string could be attracted and taken over by
the other string of atoms (step 2 in Fig. 26b), and
then the two strings of atoms separate and move
in opposite directions (step 3 in Fig. 26b). The net
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Figure 26. (a) Schematic diagram of atomic configurations
and motions of a B-event in an MG. The ellipse repre-
sents the confinement of the elastic matrix. The two arrows
represent the atoms moving back and forth reversibly. (b)
Schematic diagram showing the relationship between -
events and diffusion. The smaller red circle indicates a dif-
fusing atom. (¢) The net motions corresponding to the small-
est atoms in (b). (a) and (b) are adapted from [115] (Copyright
2013 American Physics Society).

result of this process is that the atom at the end
of one string diffuses a small distance (Fig. 26c).
As a consequence, the f-relaxations and diffusion
of the smallest constituent atoms are intimately
related; in effect, the smallest constituent atoms act
as ‘tracers’ in probing B-relaxations in MGs. This
picture suggests that the diffusion of the smallest
constituent atoms is a consequence of several
B-events. Certainly, Fig. 26 is only a 1 Dimensional
cartoon for such a diffusion jump. In 3 D obviously
there are other possibilities like a certain angle
among the two strings.

The correlation between diffusion and f-
relaxations in MGs is part of a controversial issue:

whether f-relaxation involves all the atoms or only
a small fraction. Based on the above results, if all
the smallest constituent atoms were to undergo
diffusive-type motions associated with S-relaxation,
the application of an external stress would induce
viscous flow at the temperature and timescale of the
B-relaxation, which has not been observed in any
kind of glass so far. This implies that only a small
fraction of the material takes part in the motions
involved in B-relaxation of MGs.

Insights into the breakdown of
the Stokes—Einstein relation

The results of Bartsch et al. [202] and Yu et al.
[115] complement each other. Together, they sug-
gest a connection between the decoupling of diffu-
sion of different components and the splitting of the
relaxation modes in MGs and MG-forming super-
cooled liquids. This also implies that f-relaxation
could be responsible for the enhanced diffusivity and
the breakdown of the Stokes-Einstein relation, as
first suggested by Richert and Samwer [203].

In an MD simulation of hard sphere liquids, Ku-
mar et al. [204] found that an appropriately de-
fined slow subpopulation of particles (sedentary par-
ticles) follow the Stokes-Einstein relationship over
a wide range of density, while the liquid as a whole
violates this relationship. This observation provided
evidence that some ‘hoppers’, which diffuse faster
than average, are responsible for the breakdown of
the Stokes—Einstein relationship. In connection to
the above results in MGs, it can be inferred that
the smallest atoms, promoted by B-relaxation, act as
these hoppers, as shown in Fig. 26c¢.

These results [115,202,204] are also of interest
within the general concept of dynamic asymmetry
and its relation to size disparity. For instance, the-
oretical work and simulations have suggested that
the glass transition (the arrest of the o-relaxation)
is mainly controlled by slowing down of diffusion of
large constituent particles, while diffusion of small
particles persists deep into the glassy state [205-
208]. Because of the large differences in sizes of
their constituent atoms and relatively simple atomic
structures, MGs and MG-forming liquids represent
ideal systems to test these suggestions.

More recently, Ngai and Capaccioli [209]
thought that the above results in MGs posed a
big challenge to the traditional explanation of
the breakdown of the Stokes—Einstein relation,
which relied on dynamic heterogeneity arguments;
instead, they provided fresh insights based on
the coupling model, together with the correlation
between B-relaxation and diffusion of the smallest
atoms in the glassy system.
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Diffusion in plastic deformed MGs and in
shear bands

Since diffusion is extremely sensitive to local atomic
environments, it provides a tool, although indi-
rectly, to probe structural changes in plastically de-
formed MGs. Recently, Bokeloh ef al. [210] per-
formed measurements of Ag radiotracer diffusion in
cold rolled Pd4oNigP,90 MG. They found a surpris-
ingly large enhancement of diffusion coefficient—
about eight orders of magnitude higher than an
undeformed sample (from the order of 1077 to
1072 m?/s). Obviously, such a difference mainly
arises from the presence of shear bands. Bokeloh
et al. suggested that enhanced diffusion occurs via
high-mobility pathways originating from some ex-
cess free volume distributed inside the shear bands.
Although plausible, this qualitative suggestion does
not allow a quantitative calculation of the enhance-
ment. Recognizing the correlation between diffu-
sion and B-relaxation, Ngai and Yu [211] recently
demonstrated that such a result can be quantita-
tively rationalized within the framework of a cou-
pling model. The underlying physics is that the inter-
atomic cooperativity of the cz-relaxation is drastically
reduced for diffusion in shear bands, leading to much
shorter relaxation times, which approach that of the
B-relaxation [211].

Munch et al. [190] reported an interesting
‘plastic-deformation enhanced molecular mobility’
in a polycarbonate glass. They observed that plastic
strain induced by mechanical rolling could change
the DMS spectra in a unique way; a relaxation
plateau appeared between the 8- and «-relaxations,
and the values of tan(8) were enhanced. It is still
not clear whether phenomena similar to these (espe-
cially, the relaxation plateau) can occurin MGs [48].

Obviously, studying shear banding in MGs from
the perspective of relaxation dynamics is an emerg-
ing and promising research direction.

CORRELATION BETWEEN S-RELAXATION
AND STABILITY AND CRYSTALLIZATION
OF MGS

Stability and crystallization are some of the ma-
jor concerns in many applications of glassy materi-
als [212-215]. Crystallization can drastically change
many properties of glasses, including their mechan-
ical, optical, electrical, and magnetic properties. In
many cases, crystallization causes mechanical brit-
tleness, loss of transparency, and decrease in electri-
cal resistance. Crystallization also limits the process-
ing of glasses, where stable viscous supercooled lig-
uids are required [214]. On the other hand, crystal-
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Figure 27. (a) Time—temperature-transformation diagram
for Pdg5Niz5CusePyg with or without ultrasonic perturba-
tion, redrawn from the data of [221]. (b) Typical HRTEM im-
age of the Pd MG after annealing at 290°C for 10 h under ul-
trasonic vibrations of 0.35 MHz [219] (Copyright 2005 Amer-
ican Physics Society).

lization of MGs has been used to produce nanocrys-
talline materials [216]. For some MGs, such as
Al MG [217], crystallization can produce uniform
nanocrystalline Al with face-centered cubic struc-
tures, having enhanced ductility [218].

Accelerated crystallization of MGs due to
external fields

Crystallization of MGs usually occurs after the glass
transition, i.e. Ty > Tg, where T\ is the temperature
of the onset of crystallization. However, it was dis-
covered that the perturbations from some external
periodic fields can markedly accelerate crystalliza-
tion and promote crystallization below T,. The un-
derlying mechanism is considered to be correlated
with B-relaxations [219-221].

As a typical example, Fig. 27a reproduces the
results of Ichitsubo et al. [221]. They constructed
time—temperature-transformation diagrams for a
Pdy; sNi; sCusoPy0 glass with and without ultra-
sonic perturbations. Clearly, under ultrasonic per-
turbations, the crystallization is greatly accelerated.
Under ultrasonic vibrations of 0.35 MHz, the MG
was found to be fully crystallized within only 18 h
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Figure 28. Comparison between B-relaxation time and the enzyme degradation rates
at 23°C in hundreds of plasticized and antiplasticized sugar glasses. Adapted from

[222].

at 290°C (10 K below Tg) , while crystallization was
negligible when the samples were annealed without
ultrasonic vibrations for 75 h at the same temper-
ature. They even obtained a semi-crystalline mix-
ture mostly consisting of amorphous regions with a
small amount of crystallized regions when the sam-
ple was ultrasonically annealed for 10 h. Fig. 27b
[219] shows a corresponding HRTEM image. One
can see that the amorphous regions are surrounded
by crystallized walls that show lattice-fringe contrast.
They also investigated the crystalline phases formed
under ultrasonic perturbation and concluded that
the ultrasonic annealing merely enhances the crys-
tallization rate, but produces no particular phases
[221]—demonstrating a purely dynamic effect.

Ichitsubo et al. [219-221] further estimated
that at their annealing temperature the ultrasonic
frequency was located within the pS-relaxation
range, and they proposed that the accelerated
crystallization was caused by the accumulation of
atomic jumps associated with f-relaxations being
stochastically resonant with the ultrasonic vibra-
tions. Besides, from the HRTEM, they proposed a
microstructural model for fragile glasses, suggesting
that MGs are intrinsically inhomogeneous, and
contain both strongly bonded regions and weakly
bonded regions. This model has been important to
discussions of many properties of MGs.

The pB-relaxation governs stability of
glassy biomaterials

Cicerone and Douglas [222] presented convincing
evidence that the stability of proteins in sugar-glass
matrix materials, used to freeze-drying proteins and
nucleic acids, is directly linked to the B-relaxation
processes of the sugar matrix, instead of the com-
monly assumed o -relaxation. Specifically, they ob-
served that when the B-relaxation time 7 4 of sugar-
glasses is increased with antiplasticizing additives,
protein stability increases in linear proportion to the
increase in T g, even though the same additives si-
multaneously decrease T and the -relaxation time
T, of the sugar matrix material. Fig. 28 [222] shows
degradation times 74, as a function of 74 for two
model proteins, horseradish peroxidase and equine
alcohol dehydrogenase, at room temperature (T =
23°C) for 22 antiplasticized sugar-glass systems,
comprising more than 100 different glass formula-
tions, as reported in [222]. The behavior of 74 pre-
cisely mimics that of the f-relaxation. The degra-
dation processes clearly track the B-relaxation, al-
though the latter take places many orders of magni-
tude faster than the former.

Although the mechanism is not quite clear, these
results suggest that, to enhance the stability of glassy
materials, the activation of the B-relaxation must
be retarded or suppressed. An example exploiting
this idea has been given by Capaccioli et al. [S].
They found that the strong tendency of amorphous
celecoxib (a powerful anti-inflammatory drug for
treatment of arthritis) to crystallize can be reduced
by mixing it with octa-acetylmaltose. Addition of
only 10% of octa-acetylmaltose suppressed the -
relaxation in the glassy state and completely pre-
vented devitrification of celecoxib [5].

The S-relaxation and ultrastable glasses

Recently, some novel amorphous materials, termed
“ultrastable glasses (SGs)’, which exhibit remarkable
thermodynamic and kinetic stabilities, have been
prepared by vapor deposition routes together
with appropriately high substrate temperatures
[4,55,223-227]. These materials, besides their
technological importance, are of special interest for
understanding many fundamental issues regarding
the nature of glass.

In considering the ability to form SGs, Yu et al.
[5S] demonstrated a modest correlation between
liquid fragility and 8T,/ T, (where 8T, is the en-
hancement in glass transition temperature T, of the
SG relative to that of the corresponding quenched
glass), with a polymer glass, PMMA, at the high-
est extreme, and a Zr-based SMG approaching the
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Figure 29. Correlation between fragility index mand & T/ T,
for different SGs; values in the parentheses are the depo-
sition rates (Copyright 2013 Wiley-VCH Verlag GmbH&Co.
KGaA, Weinheim) [55].

lowest extreme, as shown in Fig. 29. However, an-
other factor relevant to the SG-forming ability, as
first conceived by Chen and Richert [228], could be
the occurrence or strength of a B-relaxation, which
indicates that residual local mobility as a glass is
formed. This suggestion is supported by the data
shown in Fig. 29. For example, PMMA (with the
largest value of 8 T,/T,) has a very pronounced -
relaxation (even stronger than its «-relaxation in
dielectric and mechanical spectra), while the 8-
relaxation of the Zr-based SMG (which has the
smallest value of STg/ Tg) takes the form of ex-
cess wings. The underlying physical reason might
be that at the combination of substrate tempera-
ture (about 0.8-0.95T,) and deposition rate (0.1-
10 nm/s) used, surface dynamics are more con-
trolled by B-relaxations. However, we note that the
correlation is not conclusive, because § T is also de-
pendent on other factors, such as deposition rates
and substrate temperatures. Clarifying the mecha-
nism of SG formation could be of great significance
[55,223].

SUMMARY

This paper reviews the emerging field of B-
relaxations in MGs, demonstrating their con-
siderable potential to facilitate understanding of
many critical unresolved issues in glassy physics
and materials science—the glass transition, me-
chanical properties, shear-banding dynamics and
deformation mechanisms, diffusion, breakdown of
Stokes-Einstein relation, and crystallization and
stability of glasses. These insights could provide the
knowledge needed to design glassy materials with
tunable properties (such as ductility and stability).
However, at this stage, studies of S-relaxations in
MGs are far from comprehensive. As well as the

specific aspects outlined in the text, some additional
remarks can be made here.

(i) There are a vast range of compositions of MGs
with diverse physical and mechanical proper-
ties, and the B-relaxation behavior in these var-
ious MGs is far from fully explored. Since -
relaxations in MGs are sensitive to chemical ef-
fects, unexpected discoveries are likely to con-
tinue to occur when f-relaxations in more MGs
are studied.

(i) Currently, the frequency ranges of DMA used
to probe f-relaxations in MGs are quite lim-
ited (e.g. 1072 to 10> Hz). Development of
wider frequency DMA with high precision, and
comparing results of such DMA with those
obtained using other techniques (e.g. STM,
NMR), would be highly valuable, with more in-
triguing results expected.

(iii) Since the nature of B-relaxations is still unclear,
computer simulations are urgently needed.
There have been some recent attempts in this
regard that may help understand the nature of
the B-relaxation [140,229].

(iv) Studying B-relaxations from the atomic and
electronic structure perspectives are expected
to give more fundamental insights. These could
take the advantages of the relatively simple
atomic structures of MGs [10,230].

(v) It is foreseeable that B-relaxations in MGs
could play increasingly important roles in un-
derstanding the nature of glasses and tailoring
the properties of glassy materials for particular
applications.
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