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A connection between the structural «-relaxation and the g-relaxation

found in bulk metallic glass-formers
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'Dipartimento di Fisica, Universita di Pisa, Largo B. Pontecorvo 3, 1-56127 Pisa, Italy
2Institute of Physics, Chinese Academy of Sciences, Beijing 100190, People’s Republic of China

(Received 2 March 2013; accepted 12 June 2013; published online 2 July 2013)

New metallic glasses containing La or Ce have been introduced having dynamic properties border-
ing on two extremes of conventional metallic glasses. This provides opportunity to test if the trends
or correlations established before in molecular and polymeric glass-formers also exist in the broader
family of metallic glasses. Due to the drastically different chemical and physical structures of metallic
glass-formers than soft matter, there is no guarantee that any correlation found in the latter will hold
in the former. If the trends and correlations are found, the result brings metallic glasses closer to the
much wider classes of glass-formers in the similarity of properties. In non-metallic glass-formers, a
general and fundamental connection has been established between the non-exponentiality parameter
of the structural «-relaxation and the separation between its relaxation time 7, and the B-relaxation
time 7. In this paper, we explore the experimental data of metallic glass-formers and show the
correlation applies. An explanation of this correlation is given by the Coupling Model. The estab-
lishment of the correlation may facilitate the understanding of the roles played by the B-relaxation
in macroscopic properties of metallic glasses including the relations to shear transformation zone,
ductile-brittle transition in deformation, crystallization, and diffusion. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4812281]

. INTRODUCTION

Metallic glass-forming materials are unusual in their
chemical and physical structures composed of multi-atomic
particles, in stark contrast to covalent bonded molecules in
molecular and polymeric glass-formers.'® The interaction
potential in metallic glass-formers’ is also very different from
the van der Waals interaction with or without the complication
due to the presence of hydrogen bonds and ionic interaction.
Naturally the following question arises. Beyond glass-
forming ability, do metallic glasses share any of the out-
standing and general dynamic property established before in
the much more abundant class of molecular and polymeric
glass-formers. Whether the answer is positive or negative,
the answer would be interesting and could have far reaching
implications.

In non-metallic glass-formers, there is a secondary re-
laxation with strong connection to the structural a-relaxation
manifested in various properties of dynamics.®!! This sec-
ondary relaxation involves the motion of the entire molecule
or the entire monomer in the case of polymer. Its proper-
ties as well as its universal presence in all glass-formers are
suggested in analogy to the primitive relaxation of the Cou-
pling Model (CM). The single secondary relaxation found
decades ago by Johari and Goldstein'? in totally rigid molec-
ular glass-formers such as chlorobenzene certainly involves
the motion of the entire molecule. For this reason, the term
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Johari-Goldstein (JG) B-relaxation has been used to distin-
guish the secondary relaxation belonging to this important
class from the other secondary relaxation of intramolecu-
lar nature and having no connection to the structural «-
relaxation.®”!" The multi-particle structure of the metallic
glass-formers can pose a challenge to the universal presence
of the JG fB-relaxation for three different reasons. First, it
is unclear if secondary relaxation exists in metallic glass-
formers. Second, even if it exists, its nature is unclear. Third,
it remains to be shown if the secondary relaxation exhibit
any connection to the «-relaxation in any of the dynamic
properties. Notwithstanding, secondary relaxation in differ-
ent metallic glasses is either resolved'® or unresolved but
present as the excess loss'# in isochronal and isothermal me-
chanical relaxation measurements,’>~!7 and hence its exis-
tence seems assured, but still unclear whether it belongs to the
class of the JG B-relaxation. Recent synchrotron X-ray study
of ZrssCusgNisAljy alloy has shown the secondary relax-
ation originates from a short-range collective rearrangement
of atoms,'® implying that it involves motion of all atoms, and
satisfying one major criterion of being the JG B-relaxation.’
Still remains to be shown is any connection it may have to the
a-relaxation in dynamic properties, before the conclusion can
be made.

The purpose of the study reported in this paper is to
provide a connection between the JG f-relaxation and the
a-relaxation analogous to that found in non-metallic glass-
formers. At any temperature 7 and pressure P, there is a
general relation between the «-relaxation time t,(7, P) and
the JG B-relaxation times 74(7, P). The relation is between
log[z(T, P)tg(T, P)] and n(T, P), where n(T, P) is the

© 2013 AIP Publishing LLC
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complement of the stretch exponent, Sxww = (1 — n), of the
Kohlrausch correlation function of the «-relaxation

(1) = exp[—(1/74)'™"]. (1

For metallic glass-formers, the mechanical relaxation is per-
formed at ambient pressure, and at temperatures not far above
the glass transition temperature 7,. Therefore, in metallic
glass-formers we shall limit ourselves to testing the corre-
lation between log[t,(T,)/ts(Ty)] and n(T,) at T = T, and
ambient pressure. If successful, like in non-metallic glass-
formers, the correlation leads to the conclusion that the sec-
ondary relaxation is the JG B-relaxation, and it has funda-
mental importance when considering the dynamics of glass
transition and macroscopic properties including shear trans-
formation zone, ductile-brittle transition in deformation, crys-
tallization, and diffusion.

Il. CORRELATION OF log[z,(T,)/t 5(Tg)] WITH n(T,):
METALLIC GLASS-FORMERS

To find out if the aforementioned correlation exists in
metallic glass-formers, the two quantities, log[7(T)/Tg(Ty)]
and n(T,), have to be determined. This is not an easy task
for any metallic glass-former. Although T, can be determined
by calorimetry, and 7,(7,) estimated from the scanning rate,
the difficulty lies in acquiring 74(7) and n(T). For molec-
ular glass-formers, several experimental techniques including
dielectric relaxation, mechanical relaxation, light scattering,
and nuclear magnetic resonance are at disposal to obtain these
two quantities, but mainly mechanical relaxation is applicable
to metallic glass-formers. The limited frequency range and
lower resolution of mechanical relaxation make determination
of 74(T) difficult at any temperature. Isothermal mechanical
relaxation over many decades of frequencies are prerequisite
for characterizing the structural «-relaxation and determin-
ing n(Ty). At the present time, isothermal mechanical relax-
ation had been carried out on a few metallic glass-formers,
and not all were able to resolve the S-relaxation. More cus-
tomary are isochronal mechanical measurements, but 7 g(7,)
and n(T,) were obtained less directly with assumptions in-
troduced to fit the temperature dependence of the isochronal
mechanical loss data. Due to the limitations of mechanical
data of metallic glass-formers, larger errors accompany the
values of 74(7T,) and n(T,) obtained. Therefore, if it exists in
metallic glass-formers, the correlation is not expected to be as
precise as that found in small molecular and polymeric glass-
formers.®~!! This point has to be borne in mind when judging
the correlation to be obtained within the family of metallic
glass-formers.

A. Experimental results from metallic glass-formers

The isochronal shear loss modulus G” measurement of
the metallic glass-former, ZrgsAl7 5Cuy75 at 5.4 kHz by Ros-
ner et al.'* is perhaps the first that enabled deduction of s(Ty)
and n(Ty) from the data, as demonstrated by Ngai in Ref. 19.
From the Vogel-Fulcher-Tammann (VFT) temperature depen-
dence of the a-relaxation time 7, of ZrgsAl; 5Cuy7.5 (ZrAICu)
obtained by Rosner e al.,'* values of T, defined operationally

J. Chem. Phys. 139, 014502 (2013)

373 473 573 673
) T = 441K
= L AT La70Ni15A115
©
; =
Q
3
S
3 Cu45Zr4a5Ag10
O
s T = 684K
T | 40K/min
573 ’ 673 . 773

Temperature (K)

FIG. 1. The DSC traces of LajgNij5Alj5 (red curve) and CugsZrs5Agio
(blue curve) measured at 40 K/min.

by either 7,(Ty) = 100 s or 1000 s were determined. The data
of Rosner et al.'* had been used by Ngai'? to extract the char-
acteristics of the dynamics of the a-relaxation, which led to
the n(T,) = 0.40. Also determined is the JG B-relaxation time
at T, given in logarithmic scale by log[zg(T,)/s] = —3.28
and —3.88 for T, defined by 7(T;) = 100 s and 1000 s,
respectively.!? In the following, we present the data of two re-
cently studied metallic glass-formers, LajoNijsAl;s (LaNiAl)
and CuysZrssAg1o (CuZrAg), and the analyses that give the
estimates of 74(T) and n(7T,) for each of them.

The differential scanning calorimetry (DSC) data of
LaNiAl and CuZrAg at heating rate of 40 K/min are pre-
sented in Fig. 1. From the data, T, of LaNiAl and CuZrAg are
441 and 684 K, respectively. Isochronal loss modulus E” data
from 1 to 16 Hz of LaNiAl and CuZrAg are shown in Figs. 2
and 3, respectively. The shifts of the lower temperature S-
loss peak of LaNiAl and the excess loss of CuZrAg with fre-
quency are given in the insets of Figs. 4 and 5. From the shifts,
the activation energy Eg of the B-relaxation is estimated to
be 90 kJ/mol for LaNiAl, and 205 kJ/mol for CuZrAg. The
isochronal spectra at 1 Hz had been fitted globally with the
contributions from the «- and S-relaxation assumed to be
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FIG. 2. Temperature dependence of the loss modulus for a LajoNijsAljs
MG, measured with frequency from 1 to 16 Hz, at the heating rate of 3 K/min.



014502-3 Ngai et al.

10k |

-
=

Loss Modulus (MPa)

Cu,ZrAg,,

600 650 700
Temperature (K)

FIG. 3. Temperature dependence of the loss modulus for a CussZrs5Ag10
MG, measured with frequency from 1 to 16 Hz, at the heating rate of 3 K/min.

additive. The correlation function of the a-relaxation is as-
sumed to be given by the Kohlrausch function, and the tem-
perature dependence of 7,(7) has the VFT form. The fits have
been carried out before,?’ and are reproduced in Figs. 4 and
5. The VFT temperature dependence of 7,(7) and the Arrhe-
nius 7-dependence of 74(7) for T < T, have been determined
by the fit. For LaNiAl, the global fit gives the activation en-
ergy Eg = 87 kJ/mol slightly smaller than 90 kJ/mol obtained
from the shift with frequency. The value of Eg = 171 kJ/mol
from the global fit for CuZrAg is significantly smaller than
205 kJ/mol determined from the shift with frequency. The
larger discrepancy of Eg from the two methods is due to
the fact that the B-relaxation of CuZrAg is not resolved, and
larger uncertainty of its activation energy is involved in the fit.
All parameters relevant to test the correlation including n(7)
= (1 — Bxww(Ty)) were determined from the global fits, and
are listed in Table I for LaNiAl and CuZrAg. The values of
Brxww(T) are 0.42 and 0.62 for LaNiAl and CuZrAg, respec-
tively. The parameters for Zrgs Al7 5Cuy; 5 (ZrAlCu) deduced
from the data of Rosner et al.'* are also given there.
Isochronal shear loss modulus G” of Ce;0Al;jgCuyy was
measured at the frequencies of 0.5, 1, 2, and 5 Hz by Liu
et al.'® The low temperature loss show no feature that can be
identified with the presence of the B-relaxation. Essentially
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FIG. 4. Temperature dependence of loss modulus of LazoNij5Alj5 measured
at 1 Hz. The colored regions represent the KWW fit. The inset is a plot of
log f against 1000/7),, where T, is the peak temperature of the B-relaxation.
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FIG. 5. Temperature dependence of loss modulus of CuysZrssAgio mea-
sured at 1 Hz. The colored regions represent the KWW fit. The inset is a plot
of log fagainst 1000/7),, where T}, is the peak temperature of the S-relaxation.

the same fitting procedure as described above was used to
fit exclusively the «-loss peak with the combination of the
Kohlrausch function for the time dependence and VFT equa-
tion for 7, (7).'® The value of Bxww = 0.8 was obtained from
the fit. In addition to isochronal measurements, Liu et al.'®
made isothermal shear modulus measurements. Their data
at several temperatures together with the fits by the Fourier
transform of the Kohlrausch function are reproduced in
Fig. 6. Remarkably, the same value of Sxww = 0.8 fits the
isothermal data. The excess wing of G”(f) on the high fre-
quency side is evident from the deviation of the experimental
data over and above the Kohlrasuch fit. The location of the ar-
rows indicate the primitive relaxation frequencies at 343 and
353 K calculated from the coupling model equation to be dis-
cussed in Subsection II B later.

There are a few other metallic glass-formers which had
been studied by isothermal mechanical relaxation, and n(7)
determined directly by the fit to the Fourier transform of
the Kohlrausch stretched exponential function.'>2"-2> How-
ever, not all of them have complementary data to determine

T
i Brww=(1-n)=0.80 Ce0Al1Clyyg

2 -1 0 1 2 3
log(frequency / Hz)

FIG. 6. The frequency dependence of the normalized loss modulus of
Ce70Alj9Cuyg determined at temperatures of 343, 353, 363, and 373 K (from
left to right). The solid lines are the fits by the combination of the KWW
function with Sxkww = (1 — n) = 0.80, and the VFT equation. The arrows
indicate the logarithm of the primitive frequencies, log f5, calculated from the
CM equation.
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TABLE 1. The values of the relevant parameters, tg(Ty), n(Ty), and Ty defined by 74(Ty) = 103 s
of the six metallic glass-formers considered. Fits to the isothermal mechanical relaxation data of
Zr46.75Tig 25Cuy 5NijgBeay 5 and Cez9AljoCuyg by the Fourier transform of the KWW function make possible de-
termination of n(T) within the error of +0.02 (indicated by *), albeit two different values of n(7}), 0.43 snf 0.50,
in the case of Pd4oNijgCuzoP2o were given in two references. Determination of n(Tg) from fits to isochronal me-
chanical relaxation data involves larger errors of about 0.04 (indicated by **). The uncertainty of log[z g (T)/s]

is also estimated and given. N/A: not available.

Metallic glass-former Ty (K) log[tg (Ty)/s] n(Ty) E./RT,
ZresAl7.5Cupy 51419 606 —3.2840.5 0.40 + 0.04%* N/A
CuysZrysAgio,20 and this study 684 —-1.93+0.5 0.38 & 0.04%* 30.1 £5.3
Zr4675Tig 25Cu7.5Ni9Beyy 510 620 —33+03 0.50 & 0.02* 26.8
Pd4oNioCuszoPo?! 593 —3.644+0.3 0.432! 26.1
—3.64+£0.3 0.50%2

Ce70Al1oCung'® 343 N/A 0.20 & 0.02* N/A
LazoNi;5sAl;520 and this study 441 —4740.5 0.58 + 0.04%* 23.8

t4(T) for T < T,, and hence they cannot be used to
test the correlation. The only cases we find that can be
used for our purpose are Zrs75Tig25Cuy.sNijgBess s (Vit4),"?
and Pd4Ni;oCusgP20.2! The value of 7 p(T,) is obtained by
extrapolating the experimentally determined Arrhenius 7-
dependence of t4(T) for T < T, to T,. The relevant parame-
ters, 7g(Ty), n(Ty), and T, defined by 7(Ty) = 103 s of these
metallic glass-formers are entered into Table I. The uncertain-
ties of 74(T) and n(Ty) are estimated for each metallic glass-
former and given in the table. The uncertainty is statistically
sufficiently low such that the values of these quantities de-
termined are valid. The conclusion of this paper is the same
whether T, defined by either 74(Ty) = 10% s or 7,(T,) = 10° s.

Putting the results obtained for the six metallic glass-
formers altogether in a plot of 74(T,) versus n(7,), the cor-
relation between these two quantities can be tested. The plot
is presented in Fig. 7. The data of Ce;oAl;oCu,g are not suf-
ficient to determine 7g(7y), and the point representing it in
Fig. 7 is the primitive relaxation time, to(7}), of the CM to be
introduced in Sec. II B.

—_
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Br

FIG. 7. Plot of log[tg(Ty)] at T = T, against Bxww = (1 — n), of the
Kohlrausch-Williams-Watts correlation function used to characterize the
frequency dispersion of the «-relaxation. La stands for La;oNijsAljs, Cu
stands for CussZrs5Agi0, Ce stands for CezoAljoCuzg, and Pd stands for
Pd4oNijgCuzgP2. The two points for Pd correspond to the two values of
Bxww given in the literature by different authors. For more details, see text.

The shear mechanical relaxation data of three other
La metallic glass—formers, La6g_5Nil6A114C01_5, L360N115A125,
and L357'5Ni12,5A117'5CU]2,5, and Zr55Cu30Ni5A110 published
by Qiao and Pelletier!” are helpful to show the correlation.
It can be seen from the normalized frequency dependence of
the loss modulus G”(f/fmax)/Gmax that higher the La content
in the metallic glass-former, the larger the full-width at half-
maximum of the a-loss peak, and larger is the separation be-
tween the 8- and the «-loss peaks or equivalently between
log 7 and log 7.

B. Explanation from the CM, and generality

Conceptually, the primitive relaxation of the CM and the
JG B-relaxation are equivalent in the sense that both are in-
dependent relaxation acting as the precursor of the structural
a-relaxation. Their properties are similar, especially those
demonstrating the strong connection to the a-relaxation such
as the pressure dependence.®!! Furthermore, 7 ¢ is approx-
imately the same as the primitive relaxation time t( at any
temperature 7 and pressure P in the supercooled liquid state

of many glass-formers,®!! i.e.,

(T, P) =~ 1o(T, P). 2)

According to the CM, t( can be calculated from the parame-
ters, T, and n, of the a-relaxation appearing in the Kohlrausch
correlation function given by Eq. (1) via the relation

T, = [tc_”ro]ﬁ. 3)

In Eq. (3), t. is the temperature insensitive crossover time
from primitive relaxation with time dependence, exp(—#/7y),
to cooperative «-relaxation with the Kohlrausch stretched ex-
ponential time dependence. In the context of the CM, n is
the coupling parameter, characterizing the heterogeneous and
cooperative dynamics. The value of 7, is about 1-2 ps for
soft molecular glass-formers and polymers as determined by
quasielastic neutron scattering experiments and molecular dy-
namics simulations.!! It is shorter for metallic systems with
t, =~ 0.2 ps from simulations,?*2* which is reasonable as in-
ferred from the stronger metallic bonds compared with van
der Waals interaction in soft matter, and is also exemplified
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by the much higher shear modulus of bulk metallic glasses
(BMG) than molecular glasses.?>2¢

From the CM equations (2) and (3), the separation be-
tween 7, and 7 (all quantities in seconds) is given by

[log g T« — log o 78] ~ n(log, 7o —log, 1), “4)

and it is proportional to . This explains the empirical relation
between the separation and n found generally in molecular
and polymeric glass-formers, and could also be applicable to
the six metallic glass-formers in Table I. At T = T, defined by
74(Ty) = 10° s, Eq. (4) has the simplified form of

logy t5(Tg) = (1 — n)logy 74(Ty) + nlogyt,
=3(1—n)—12.7n, 5)

which is represented by the red line in Fig. 7. The trend in
the dependence of 74(T,) on n(T,) is in accord with that
from Eq. (5). However, 74(T,) of three of the six metal-
lic glass-formers (LaNiAl, CuZrAg, and Vit4) are longer
than that predicted value by about one and half decade.
Discrepancy of this order of magnitude is not unexpected
because of the uncertainty introduced to obtain 74(7;) on
n(Tg) in LaNiAl and CuZrAg from the fits to the isochronal
loss data. Taking the errors into consideration, we can con-
clude that the correlation of log[tq(Te)/Ts(Ty)] with n(Ty)
is obeyed by metallic glass-formers in the same manner as
found generally in molecular, polymeric, and even inorganic
glass-formers.5

C. Correlation of log[z,(Tg)/73(Tg)] with m(Ty)

While the frequency dispersion and hence n(T,) of
metallic glass-formers is hard to obtain, more accessi-
ble from experiments is the fragility or steepness index,
m = d log 1(Tg/T)/d(Te/T) evaluated at To/T = 1.7 On the
other hand, by plotting the isochronal mechanical loss against
T/Tg, a qualitative measure of the separation between 7, and
74 can be deduced. This was done by Yu e al.?® in their
study of the family of (Ce,La;_,)e¢gAlj1oCuyyCoy for 0 < x
< 1, They found Ce-richer member has smaller value of m
and the B-relaxation is closer to the a-relaxation and shows
up as an excess wing. La-richer member has larger m and
its B-relaxation is more separated from the o-relaxation and
becomes resolved either as a shoulder or peak. In this man-
ner, Yu et al.’® found correlation between fragility m and a
property of the B-relaxation, namely, the degree of separa-
tion between 7, and 7 in the metallic glass-formers. How-
ever, one should be mindful that this very correlation breaks
down in some molecular glass-formers. A well-known ex-
ample is propylene carbonate which has a large m = 104%7
but the S-relaxation is too close to the «-relaxation and ap-
pears as an excess wing.”” In contrast, the correlation between
log[to(Te)/Tg(Te)] with n(T,) remains valid.

It is true that when restricting the glass-formers con-
sidered to a special class, correlation between properties
with m holds, as found by Yu et al?® in the family of
(Ce,La;_y)egAlj9CuyyCo;, for 0 < x < 1. Notwithstanding,
it remains a nontrivial task to derive any observed correla-
tion with m. Here, we provide a derivation of the correlation

J. Chem. Phys. 139, 014502 (2013)

between log[7,(T,)/tg(T)] with m found in metallic glass-
formers. Established from the studies of many different metal-
lic glass-formers is that in the glassy state the activation en-
ergy of B-relaxation is related to T, by Eg = 26(£2)RT,.*°
Hence, in a plot against T,-scaled reciprocal temperature,
T,/T, logio t4(T,/T) has the same slope of 26/2.303 = 11.3
(but not necessarily the same magnitude) for all metallic
glass-formers with different values of n(T) or Kohlrausch ex-
ponent Bxww(T) = (1 — n(Ty)). The fact that the variation of
logio T4(T,/T) with To/T for To/T > 1 is the same for all the
metallic glasses considered is remarkable, and it implies that
this holds also for T,/T < 1 as well. This is shown by applying
the CM Egs. (2) and (3), from which we have for all T,/T the
relation

T, T,\17 T,\17
)[BT
(6)

To satisfy this relation, the dependence of the magnitude
of To(T,/T) or t4(T,/T) as well as 7,(T,/T) on the metallic
glass-former through n becomes clear. It is easy to see from
Eq. (6) that at T,/T = 1 where 7,(T,/T) = 103 s, logio To(Te/T)
or logig 74(Ty/T) = [3(1—n) — (12.7)n]. This dependence of
logio To(Tg/T) on n at T,/T = 1 is demonstrated for n = 0.2,
0.3, 0.4, and 0.5 in Fig. 8, and also shown are the parallel
shifts of logig To(T,/T) with T,/T for T,/T > 1 and T,/T < 1.
In the final step, we calculate 7,(7,/T) for all the four chosen
values of n.

The results shown in Fig. 8 clearly demonstrate larger n
engenders steeper rise of t,(7,/T) or more fragile behavior.
The fragility index m has been calculated, and the values are

3
2_
1_

w

— O

(0]

E 4t

C

O oot

T

x

8 3t

o

D -4t

o
.5_
.6_
-7
0.6

FIG. 8. The parallel lines for T,/T > 1 from top to bottom represent the
log[t g(T)] of metallic glasses with increasing values, 0.2, 0.3, 0.4, and 0.5, of
the coupling parameters n = (1—Bxww). Here, Ty is defined by log[7(T)]
= 3. The location of log[7(T)] at T = T for each value of n is determined
by Eq. (6). The dependence of t4 on T,/T for Tg/T < 1 is taken to be the
same for all n, as suggested by the case for Tg/T > 1. The lines for T,/T
< 1 are log[t(Ty/T)] calculated from 7 (T,/T) by Eq. (6) for the values of
n=20.0,0.2,0.3, 0.4, and 0.5. The same color and style of the lines are used
for t4(Ty/T) and 7 g(Ty/T) for each n value.
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25,31.3,35.7,41.7, and 50, respectively, for n = 0.0, 0.2, 0.3,
0.4, and 0.5. Thus, the correlation between fragility index m
and the degree of separation betweent, and 74 observed ex-
perimentally in metallic glass-formers?® is now derived from
the CM.

lll. CONCLUSION

Some universal properties of the secondary B-relaxation
of the Johari-Goldstein kind have been well established in soft
glass-formers including molecular and polymeric substances.
Among them is the relation of the JG B-relaxation to the
structural a-relaxation determined by the fractional exponent,
Bxww = (1 — n), of the Kohlrausch correlation function used
to characterize the frequency dispersion of the a-relaxation.
Specifically, the separation between 7, and T4 measured by
[log 74(Tg) — log t4(Ty)] at T = T, not only correlates with
n(T,) as found empirically by experiments, but also can be
explained quantitatively by the coupling model.

Metallic glass-former differs drastically in chemical and
physical structures than soft matter. Composed of a collec-
tion of atoms, it is not obvious that the B-relaxation exists
in metallic glass-former. Interestingly, S-relaxation exists in
metallic glasses. Although the f-relaxation exists in metal-
lic glass-formers, it is not clear if the correlation will hold.
Despite the difficulty in obtaining both quantities, 7g(7,) and
n(T), in metallic glass-formers, we have found [log 74(7y)
— log t4(Ty)] correlates with n(Ty) at T = T,. Taking into
consideration the uncertainties of these parameters deduced
by fitting experimental data, the correlation found is quanti-
tatively consistent with the CM prediction. The establishment
of the same connection to the structural ¢-relaxation as found
in soft glass-formers indicates that the B-relaxation is the JG
B-relaxation. Thus, it plays not only a fundamental role in
glass transition,?! but also in macroscopic properties such as
the shear transformation zones, ductile-brittle transition in de-
formation, crystallization, and diffusion in shear bands of de-
formed metallic glasses.*”
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