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Effect of icosahedral clusters on 3-relaxations in metallic glasses*
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The most pronounced f-relaxation was found in the Y-based binary metallic glasses (MGs). The correlation between
B-relaxation and local atomic structure was studied. The dynamic mechanical measurements were performed for three
chosen binary systems: Zr-, Ti-, and Y-based MGs. The experimental results show that, in each system, the larger negative
enthalpy of mixing (AHpy) between the component elements makes f-relaxation become more pronounced. The less
negative value of AHy, facilitates the formation of icosahedral clusters, which have a pinning effect on the excitation of f3-
relaxations and correspondingly make the f3-relaxation become less pronounced. These chemical effects on -relaxations
can only be compared in the same MG system, and it is not suitable for the comparison between different systems due to

the different features of the major metallic elements.
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1. Introduction

Metallic glasses (MGs) show diverse relaxation dynam-
ics, which has attracted considerable attention for the impor-
tance in understanding the nature of glasses.!!™! At high fre-
quencies or low temperatures in dynamic response spectra,
B-relaxation splits out from the primary o-relaxation,®! and
plenty of work on f-relaxation has been done in MGs.[]
It is demonstrated that -relaxation is the principal dynam-
ics source in the glassy state and is of practical significance
to many physical, chemical, and mechanical properties.!!%-12]
Although plenty of efforts have been made on S-relaxation,
the correlation between the local structural feature and -
relaxation is not well understood, so that the structural origin
of B-relaxation is still a controversial issue.*! For most MGs,
only a f3-relaxation shoulder or an excess wing has been ob-
served on the low-temperature flank of a-relaxation.[+-13-16]
Until recently, La-based MGs have been found showing a
pronounced f-relaxation peak in the dynamic mechanical
spectrum.!”l Therefore, fB-relaxation modes depend on the
strength of fB-relaxation and the coupling degree between -
and [-relaxations. It is still confusing why there are such sig-
nificant different appearances of 3-relaxations between differ-
ent MG systems and even different component combinations
in the same system, and this question fundamentally connects
to the structural origin of -relaxations. Recently, it was iden-
tified that pronounced S-relaxation is associated with systems
in which all the atomic pairs have large similar negative val-

ues of enthalpy of mixing (AHy,) by Cu and Ni substitution in
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La—Ni/Cu-Al and Pd-Ni/Cu-P MGs, and a physical picture
emerged that strong and comparable interactions among all
component atoms maintain string-like atomic configurations
for the excitation of B-events.!!”! However, the universality of
this chemical effect still needs to be verified.

In this work, we address an important question of S-
relaxation in connection with local atomic structure, especially
icosahedral clusters. Binary MGs, due to the relative simple
structures, are selected as model systems to study the pinning
effect on fB-relaxation. We compare the dynamics of the -
relaxations in three typical binary systems which have differ-
ent AHp,. Recently, a general rule of the chemical effect was
proposed that more pronounced f-relaxations are correlated
to stronger chemical interactions among component atoms. 7!
However, according to the present study, the rule is only appli-
cable for different compositions in one specific system but not
applicable between different systems. Based on the chemical
effect on local structure, we suggest that icosahedral clusters
have a strong pinning effect on the motion of B-relaxation,
which is similar to the effect of solute atoms on the motion of
dislocations in crystalline alloys.

2. Experiments

Three binary systems, Zres.6(Cu/Ni)33.4, Tigo(Cu/Ni)4p,
and Yee.6(Cu/Ni)33.4, were selected for the experiments by
considering their good glass-forming ability and different
AHy,. Amorphous ribbons of six compositions were obtained
by the melt spinning technique, and the fully glassy nature
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was identified by x-ray diffraction and differential scanning
calorimetry. Dynamic mechanical measurements were per-
formed using a TA dynamical mechanical analyzer (DMA).
The storage modulus E’ and loss modulus E” were measured
by the temperature ramp mode and various testing frequen-
cies. The molecular dynamics (MD) simulations were per-
formed with the LAMMPS code and a realistic embedded-
atom method potential.!'8! The Zr-based system was chosen,
and it contains 10000 atoms with periodic boundary condi-
tions. In the process of sample preparation, it was first melted
and equilibrated at 7 = 2000 K for 1 ns, then cooled down to
300 K with a cooling rate of 10x10'? K/s. The samples were
further relaxed at 300 K for 2 ns. The configurations in the last
1 ns were collected for structural and dynamical analysis.

3. Results and discussion

To provide an intuitionist comparison of the f-relaxations
in the same and different systems, we fit the whole relax-
ation curves by coupling two Kohlrausch—Williams—Watts
(KWW) equations in the Fourier transforms of d{AE -
exp|— (/)P 109 Here, AE = E(f = o) — E(f = 0).
where E(f = o) and E(f = 0) represent instant elastic mod-
ulus and static elastic modulus, and f and 7 are frequency and
average relaxation time. Bxww is a nonexponential parame-
ter related to the dynamic heterogeneity. The T dependent 7
for B-relaxation has the form of the Arrhenius process 75 =
Tg0exp(Eg/RT), and T4 is described by the Vogel-Fulcher—
Tammann (VFT) equation Ty = Teoexp(DTy/(T — Tp)). The
pre-factors for the six metallic supercooled liquids are Ty ~
10713 s and TR0 ~ 10~ 13 s, respectively, which are consistent
with the previous works. ]

Figure 1 shows the T dependent E” of the three systems
measured by DMA at 1 Hz, where T and E” are scaled by the
temperature of the a-relaxation peak 7o and the loss modu-
lus E[’,’a at Tpq, respectively. Tpq and E[’,’a are both obtained
from fittings. The circles represent the experimental data and
the red and blue regions represent the scaled KWW fits of the
B-relaxations for M—Cu and M-Ni (M = Zr, Ti, and Y), re-
spectively. Considering the scaled fits of the a-relaxations
nearly coincide for M—Cu/Ni, they are represented by a sin-
gle grey region. The fitting of storage modulus data, which
is not presented here, was carried on as an adjunct to the fit-
ting position and intensity of the a-relaxation peaks. The f3-
relaxation activation energy Eg and Tpq obtained from the fit-
ting are listed in Table 1. As shown in Fig. 1(a), a B-relaxation
hump can be observed at the low temperature flank of the o-
relaxation peak for Zres Ni33 4, While Zres 6Cussz 4 has only an
excess wing, indicating that the substitution of Cu for Ni influ-
ences the -relaxation behavior significantly. Similar results
are observed in Ti-based MGs as shown in Fig. 1(b), however,
the weak hump is further suppressed into an excess wing by

the substitution of Cu for Ni. Figure 1(c) shows the effect
of Cu/Ni substitution for Y-based MGs, which has the same
tendency as that for Zr- and Ti-based MGs. Meanwhile, in
sharp contrast to Zr- and Ti-based MGs, Y-based MGs exhibit
the significant pronounced f-relaxation peaks at the tempera-
ture about 0.77; (the glass transition temperature) in the deep
glassy state. It is so far the most obvious f3-relaxation behav-
ior found in MGs. The f-relaxation in Y-based MG is much
stronger than that of La-based MG which was the strongest
one in the previous works. Another characteristic is that the
B- and o-relaxations of Yeg ¢Nizz4 MG are more separated
compared with those of the other systems. It is also notewor-
thy that Top / T, for Ye6.6Niz3 4 (about 0.69) is even lower than
that for La-based MGs (about 0.78) which is well known for

the obvious B-relaxation.!-1?!
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Fig. 1. (color online) E”/E], as a function of T/Tp, for (a)

Zre6.6(Cu/Ni)33.4, (b) Tigo(Cu/Ni)go, and (¢) Ye6.6(Cu/Ni)334. The cir-
cles are the experimental data. The red and blue regions represent the
scaled KWW fits of the -relaxations for M—Cu and M-Ni (M = Zr, Ti,
and Y), respectively. The grey regions are fits of the ¢-relaxations.

All three systems have large negative AHp, ?%2! in a wide
range as shown in Table 1. Here we define the reduced acti-
vation energy of fB-relaxation E,g = Eg /RT,q, and the smaller
E,p indicates the separation between - and -peaks is more
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significant, which means the f-relaxation peak is more pro-
nounced. The f-relaxation changes from an excess wing to a
hump, finally to a peak with decreasing E,g. E\g was evaluated
and listed in Table 1. For each system, the more negative AH,
between two elements is, the less Erﬁ will be, shown in Ta-
ble 1 and Fig. 2. The E,g does not change significantly for Zr-
and Ti-based systems, but the -relaxation strength changes
about 20% for both systems, which leads to the -relaxation
changing from excess wings to humps. It indicates that E,g is
a sensitive parameter to the appearances of 3-relaxations. This
is further verified by Y-based MGs. With the smallest £, for
Y-Ni, the -relaxation is farthest from the a-relaxation and
the most pronounced.
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Fig. 2. (color online) The reduced activation energy Eg versus AHp.

Table 1. Enthalpy of mixing AHy,, B-relaxation activation energy Eg, glass transition temperature T, temperatures corresponding to f3- and

a-relaxation peaks T, and Tpq, and the reduced activation energy E,g.

Systems AHp,/kJ-mol ™! Eg/kJ-mol ™! T,/K T,/K Tpa/K To5/Ty Eg
Zrgs6Cuss.4 -25 159+1 622 5882 64842 0.95 294
Zre6.6Nis3.4 -53 1651 671 61242 68742 0.91 28.8

TigoCuo -12 168+1 632 622:+2 6782 0.98 29.7

TigoNiso -46 1841 712 682:+2 75242 0.96 293
Ye6.6Cu33.4 -22 1101 507 39642 53842 0.78 24.6
Y6.6Niz3.4 =31 111+1 598 41242 630-+2 0.69 21.2

Now the questions arise what the connections between
AH,,, Ep and local structures are and how these factors af-
fect B-relaxation. As we known, mainly three factors affect
local atomic structures in binary MGs, which are atomic ra-
dius, electronic configuration, and chemical interaction be-
tween atomic pairs. In order to study the chemical effect with-
out interference of other factors, we carried out the substitu-
tion of Cu and Ni which have similar atomic radii and elec-
tronic configurations in each system. When considering dif-
ferent systems, the observation and analysis of the chemical
effect are interfered by different principal elements. For in-
stance, AHp, of Y-based MG are only about 20-30 kJ/mol,
which are not the most negative ones in the three systems,
however, the 3-relaxations are significantly pronounced, con-
sistent with their small E;g. Such results further indicate that
B-relaxations depend not only on the chemical effect between
elements, but also strongly on the characteristics of major el-
ements which might lead to different local structures. It is
noticed that compared with transition elements, rare earth ele-
ments have some special properties so that the pronounced f3-
relaxations have only been observed in rare earth based MGs,
such as La-based,!”! specially Y-based found in this work. De-
spite the complexity of the three factors, some regularity still
could be figured out. Comparing M—Ni with M—Cu in each
system, the MGs with larger negative AHp, have smaller E .
Thus, the chemical effect rule is valid for each system, but not
applicable for the comparison between different systems. To
compare different systems, besides the chemical effect, atomic

radius and electronic configuration should also be considered.

The findings above demonstrate that the chemical effect
on f-relaxations can only be compared in the same system.
Meanwhile a question arises around how to understand this
chemical effect of AHy,. According to the coupling model
proposed by Ngai,[!5l an equation could be obtained as fol-
lows: (log Ty —logTg) ~ n(log 7o —logt.), where 7 and 7
are or- and B-relaxation time respectively, 7. is a constant about
2x 107 !%s, and the coupling parameter n is associated with the
interaction between particles and increases with stronger in-
teraction. Larger negative AHy, means that n and therefore
(log g —log7g) are larger, thus the separation between «-
and f-peaks is more significant. Furthermore, AH,, provides
an effective way to understand many chemical-related issues,
such as the local structure. Historically, hard sphere dense ran-
dom packing has been widely cited as a structural model for
MGs.[??! Tt is now understood that the model fails to describe
many binary MGs with significant chemical short-range or-
der (CSRO) which is associated with atomic size ratio and
AHy, .23 The short-range order (SRO) in ZrgoCusoPd oAl
liquid was investigated by the small-angle x-ray scattering, [>*!
and revealed that larger negative AH, is related to the stronger
attractive interaction between solute and solvent. The coor-
dination number (CN) of Zr-Pd pairs increases significantly
with lowering liquid temperature, while that of Zr—Cu pairs
increases slightly, indicating that the large negative AHy, be-
tween Zr and Pd (=91 kJ/mol) leads to the formation of (Zr,
Pd)-rich domains of SRO in the supercooled liquid.
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To obtain a quantitative estimation for the CSRO in binary
supercooled liquids, the CSRO degree was estimated using the
Warren parameter!>>]

(04 = 1 — = — s
W CjN C,‘N

where c¢; is the concentration of species j, N; = Nj; + N;;
the total CN around species 7, and N = c;N; + ¢;N;. Nega-
tive values of aw indicate a preference for unlike-neighbor
bonds, otherwise homopolar pairs are preferred.!?>>61 Hon-
eycutt and Anderson pair analysis is able to characterize the
local environment surrounding each atomic pair, and has been
widely used to characterize the local cluster structure.>”] In
this method, a set of four integers i, j, k, j is designed to de-
scribe different local configurations. For instance, 1551 index
is the characteristic of icosahedral short range order (ISRO),
while 1541 and 1431 indices are the characteristic of distorted
ISRO.1?%281 Usually, 1551, 1541, and 1431 pairs are referred
to the common local atomic configuration characteristic of
supercooled liquid. Table 2 summarizes the data of AHy,, 0w,
and the relative abundance w of the selected main bonded
pairs (1551 + 1541 + 1431) for different MGs and liquid al-
loys. Figure 3 shows the dependence of otw and w on AH,.
Both aw and w decrease with increasing negative AHy,, which
indicates the chemical effect on the local structure in MGs. Es-
pecially for Zr—Cu (~ —25 kJ/mol) and Zr—Ni (~ —53 kJ/mol)
systems, it has been widely accepted that the dominant SRO in
Zr—Cu is of topology with icosahedral symmetry (Voronoi in-
dex (0,0, 12,0)),[26:313%] in contrast, the ISRO degree is much
lower in Zr—Ni MG.[?733-33] The interaction is much stronger
for Zr-Ni with large negative AHy,, and the polyhedra around
Ni have lower CNs less than 10,134! which increases the energy
of Ni-centered icosahedral clusters with CN of 12. Therefore,
large negative AHy, leads to a tendency for unlike-neighbor

bonds and relatively fewer icosahedral clusters. Neverthe-
less, the population of icosahedral clusters is also controlled
by the radius ratio of component elements.>3?8] The center

atom of a perfect icosahedral cluster is slightly smaller, and
the radius ratio is 0.902. When the atomic radius ratio de-
viates from 0.902, the population of other polyhedra types
increases, such as the Frank—Kasper type, the BSAP type,
and the TTP type.!>3] Furthermore, the electronic configura-
tion of component elements has an important influence on the

Table 2. Warren parameter aw and relative abundance w of the se-
lected main bonded pairs (1551 4 1541+ 1431) for systems with differ-
ent AH,.

System AHp Qw w Reference
ZrgoAlyg -75 -0.106 58% [26]
Zr,Ni -53 -0.089 57% [28]
Zr,Cu -25 —-0.053 63% [28]
ZryAg 24 0.022 64% [28]
Caj0Mgso -6 0.084 76% [29]
MgsoAlsg -2 0.106 74% [30]

local structure, such as the covalent-like bonding in the sys-
tems containing metalloids'*®! and bond shortening due to the
special interaction between the outer electrons of the compo-
28,37 Thus to predict the relative population of
icosahedral clusters, the multiple factors should be considered

nent elements.[

but not the single factor of AHy, for different MG systems.

0.10} &
2
Q)
0.05 ARK" 0.72
3l 1=
£ =
3 O E =
< 10.64
—0.05} ©
—0.10¢ 1] Jos56
—80 —60 —40 —20 0

AH,,/kJ-mol~!

Fig. 3. (color online) The trend of arw and w for systems with different AHy,.

B-relaxation and SRO in MGs both have a close rela-
tion with crystallization and mechanical properties, [!1:12-38.39]
which implies that -relaxation may be related with SRO.
Plenty of researches confirm the correlation between the non-
affine displacement and the local structures. It was indi-
cated that in Cu—Zr MG the non-pentagonal regions, which
are sources for the generation of high free volume structures,
preferentially undergo irreversible atomic rearrangements in
the early stage of the deformation process. Non-pentagonal
regions are easily deformed plastically because of high en-
ergy and low dynamic stability.[*"! The degree of local five-
fold symmetry (LFFS) was used as the structural indicator to
predict plastic deformation of local structures and the plastic
events propagate in regions with a lower degree of LFFS.[4!]
Therefore, the perfect and distorted icosahedral clusters with
high fivefold symmetry have relative high dynamic stability.
Recently, it was found that 3-relaxation is related to the coop-
erative motion of particles chains by the MD simulations. [4*!
In the simulations, they pinned randomly a small fraction
of the particles to the coordinate frame, as a result the -
relaxation was suppressed more sufficiently with increasing
the pinned particle fraction. These pinned particles were only
allowed to participate in the affine transformation, which is
similar to the icosahedral clusters with high dynamic stabil-
ity in MGs. These findings indicate that icosahedral clusters
could suppress the motion of B-relaxation. Our MD simula-
tions have revealed the atomic fraction associated with icosa-
hedral configuration for the Zr-based MGs. The fraction of
the 20 most abundant Voronoi indices that appear in the Zr-
based MGs is presented in Fig. 4(a), where the Voronoi in-
dex (0,0,12,0) associated with icosahedral clusters is 1.09%
and 0.76% for ZrgsCuss4 and Zrgg Nisz 4, respectively.
The population of the Voronoi indices related to distorted
icosahedral structures, such as (0, 1, 10,2) and (0,2,8,2), for
Zrg6.6Cuss 4 are also larger than those for Zrgg 6Nisz .4, which

016101-4



Chin. Phys. B Vol. 26, No. 1 (2017) 016101

basically agrees with the previous results.[?%3] Figures 4(b)
and 4(c) show the distribution of the icosahedral clusters for
Zre6.6Cuss 4 and Zrgg ¢Nisz 4 respectively, which indicates that
Zre6.6Cuss 4 has more icosahedral clusters and the distribu-
tion is homogenous without significant aggregation for both
compositions. Besides, we also performed MD simulations
for Ti-based MGs, and obtained similar results. Correspond-
ingly, Zrgg 6Cusz 4 and TigoCugg MGs have less pronounced f3-
relaxations and higher Ep compared with that of Zrgg ¢Niz3.4
and TiggNigg, respectively. These experimental and simulation
results suggest the pinning effect of dynamic stable clusters on
the motion of B-relaxation.

Coordination number of voronoi polyhedron
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Fig. 4. (color online) (a) The occurrences of the 20 most popular
Voronoi indices for Zrgs (Cu/Ni)33 4 in a glassy state. The indices are
sorted by the coordination number as shown on the top of the figure. In
the icosahedral cluster distribution in Zrgs ¢Cuss 4 (b) and Zree ¢Nisz 4
(c), the dark gray balls represent the icosahedral clusters.

4. Conclusion

In summary, the chemical effect on f-relaxation is ex-
perimentally verified in three systems. The substitution of Ni
and Cu shows that the MG with larger negative AH, has more
significant f-relaxation in each system. The MD simulations
show that more icosahedral clusters exist in MGs with less
negative AHy,. The icosahedral clusters make f3-relaxation ac-
tivation energy increase and pin up the atomic motion of 3-
relaxation.
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