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Relationship between structure, dynamics, and mechanical properties in metallic
glass-forming alloys
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Using Cu-Zr models, we demonstrate icosahedral ordering as a microscopic origin of the non-Arrhenius
dynamical slowing down in metallic supercooled liquids. This correlation between the structural and dynamical
heterogeneities underlies the evolution of the energy barrier for relaxation upon undercooling, as well as the
eventual glass transition that leads to the formation of bulk metallic glasses (MGs). Our analysis of the energy
barrier to plastic relaxation in MGs relates their macroscopic strength and plasticity to the local structures
developed in the MGs. The structure-dynamics perspective explains not only the composition-dependent me-
chanical properties but also the known correlation between the strength of MGs and the glass transition

temperature.
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I. INTRODUCTION

The intense research into the bulk metal glasses (BMGs)
has recently revealed a strong composition dependence of
their mechanical properties.' As an example, in Cu,Zrgo_
BMGs, the yield stress (o,) increases markedly from 1.6 to
2.1 GPa, while the plastic strains gradually diminish with
increasing Cu content from x=46 to 65.° If these were con-
ventional crystalline alloys, to explain such composition-
dependent mechanical behavior one would be looking for
differences in microstructure, including the fractions and
morphology of coexisting phases, their crystal structures and
degree of order, and the contents and distributions of defects
(such as dislocations and grain boundaries). However, the
invariably amorphous BMGs have no such “microstructure”
to speak of. It is therefore a major challenge to establish
structure-mechanical property relationship for these glassy
materials.

On a macroscopic level, the mechanical behavior can be
correlated with characteristic parameters measured for the
BMGs, such as the glass transition temperature,6’7 T,, and the
elastic constants including Poisson’s ratio.®? However, on a
more fundamental level, all these indicators and their empiri-
cal correlations also have common origin in the internal
structure of the BMGs.!? The purpose of this paper is to use
molecular-dynamics (MD) simulations to explore the struc-
tural basis of the mechanical properties of BMGs, via the
structure-dynamics correlations in their parent supercooled
liquids, using Cu,Zr,o_, MGs (x=46 to 65) as models.>!!

II. MODEL SYSTEMS

Many-body interatomic interaction potentials employing
the embedded atom method (EAM) formalism were devel-
oped for the Cu-Zr system using the force-matching
method'? by fitting the predetermined potential-energy land-
scape (PEL)," i.e., potential energies, atomic forces, and
stress tensors of the ensembles. The PEL was first surveyed
via VASP (Refs. 14—16) ab initio simulations of over 500
atomic configurations, typically consisting of 96—128 atoms
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for crystalline, liquid, and glass phases. The generated EAM
parameters were further refined using a recursive method and
validated against a large set of experimental and ab initio
data. The potential development is a rather lengthy and in-
volved process and the details will have to be reported
elsewhere.!” NPT ensembles (P=0) of five alloys (x=46, 50,
55, 60, and 64), containing 10 000 atoms with periodic
boundary conditions, were melted and equilibrated at 2000 K
for 2 ns (time step 2 fs) and cooled down to 300 K at 100
K/ns. The configurations were monitored using the Voronoi
tessellation method to yield information about the atomic
packing, such as the pair distribution functions (PDFs), co-
ordination numbers (CNs), and types of coordination
polyhedra.!® The eventual MG structures were validated by
comparing the x-ray diffraction and extended x-ray absorp-
tion fine structure calculated for the configurations with
those measured in experiments; examples will be given
elsewhere,!” and the procedural details have been presented
before for other alloys.'”

III. COMPOSITION-DEPENDENT MG STRUCTURES

Figure 1(a) displays the molar volume (V,,) for the MG
configurations. The composition dependence falls on a
straight line that interpolates V,, of pure fcc Cu and hcp Zr,
in agreement with experiments.!! There is no noticeable
volumetric advantage for any specific x. The local ordering,
on the other hand, is found to depend strongly on x, in terms
of the dominant types of Voronoi polyhedra around Cu.
Among all the Cu-centered coordination polyhedra, the frac-
tions of full icosahedra (Voronoi index (0,0,12,0)) and the
distorted icosahedra (0,2,8,2) are more than doubled at the
expense of some other polyhedral types, as shown in Fig.
1(b). Since each Cu-centered icosahedron contains 13 atoms,
the fraction of the total number of Cu and Zr atoms involved
in the full icosahedra, firo™, climbs to as high as 80% at x
=64.

Figure 1(c) demonstrates the development of icosahedral
ordering throughout the supercooled liquid region between
the liquidus temperature, 7}, and glass transition temperature,

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.78.014207

CHENG, SHENG, AND MA

O
C;

16 %<0,2,8,0> +<0,0,12,0>
_ 14 8 30 #%<0,3,6,1> =<0,2,8,2>
& ~ Ry < :
£12 T 25 <028.4>
bt TRy S
3 81 ¢Glass (sim) =~ 315
2 6 =Crystal (sim.) i
3 4 | +Glass (exp) c 10
o
= © Crystal (exp.) 3 5
29— Linear interpolation E
0 T T T T 0+ T T T y
0 20 40 60 80 100 45 50 55 60 65
(© Cu composition (at. %) Cu composition (at. %)
30
= CugyZr
@25 A lllllllllll.l+Tg bk
= ¢ CussZrys
© n
E 20 - - CugeZrss
g o000 0040,
L 15 |’ ]
= e ®. T
k] P -"l-l...
< 10 A % T
B | it IS
@ DOSAELTIN
& 5 1
0 T T T : -
0 500 1000 1500 2000

Temperature (K)

FIG. 1. (Color online) (a) Molar volume of Cu,Zr -, MGs,
from MD simulations at 300 K, compared with experimental data
(Ref. 11). (b) Fraction of dominant Voronoi polyhedra at various x.
(c) Evolution of Cu-centered full icosahedral order with cooling for
three example compositions. 7T, values were determined by MD
simulation and 7 taken from literature (Refs. 11, 31, and 32). In-
herent structures were used to eliminate thermal fluctuation, and
each data point is an average of ten inherent structures. Insets are
the representative full icosahedra. Smaller (orange color online) at-
oms are for Cu and larger (gray color online) ones for Zr.

T,. This ordering is more pronounced at higher x, which is
consistent with Fig. 1(b). The insets display the representa-
tive Cu-centered full icosahedra motifs at various x. In the
first shell of the center Cu atom, the most popular ratio of Cu
to Zr increases from 4:8 at x=46 to 7:5 at x=64. This in-
crease moves the effective atomic size ratio (first shell to
center Cu) closer to that required for ideal icosahedral pack-
ing [0.902 (Refs. 10, 18, and 19)], topologically promoting
the formation of full icosahedra around Cu.

This trend of composition-dependent structural ordering,
ie., fiom™ and the fraction of full icosahedra, fi.,, appears
similar to the o,—x dependence measured by Park ez al.® One
is then tempted to plot a structure-property correlation, as
shown in Fig. 2. However, one cannot establish a firm rela-
tionship linking the mechanical property with the underlying
MG structure based merely on superficial resemblance of
parallel trends or an apparent correlation. We therefore set
out to uncover the physical basis, through the following
steps.

IV. MODEL BASED ON POTENTIAL-ENERGY
LANDSCAPE

Our first step is to examine what determines the strength
(the resistance to plastic relaxation at room temperature, 7).
From the PEL perspective,'? it is the configurational hopping
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FIG. 2. (Color online) Yield stress (o, from Ref. 5) and
a-relaxation time (t,) correlated with structural features, woms and
fico» for the five MGs. The predicted trend (dashed line) was ob-
tained by fitting the calculated o, based on Eq. (12) using simulated

T, and V,,, as well as the known o, for CuyeZrs, (Ref. 5).

between different megabasins, in particular, the irreversible,
or plastic, « relaxation,”?? that controls the rheological and
mechanical properties.

Following the work of Johnson and Samwer,’ the
potential-energy density in MGs can be modeled as

¢(7)=¢orsin2<ﬂ), (1
4yc

where ¢y is the total barrier energy density for the un-
stressed glass at temperature 7. The energy barrier is located
at 2., where vy is the critical yield strain and 4y, is the
configurational spacing in the PEL.” Starting from this
simple assumption, a number of physical properties of the
glass can be derived. For example, the athermal critical
stress, i.e., the critical shear stress at yielding without the
assistance of thermal activation, is’

T
Tco = L (2)
dyc
and the shear modulus of the unstressed MG is
G = L dor 3)
or= .
87¢

A shear transformation involves N atoms, where N
~100 atoms,” and the average atomic volume is V,. The
potential-energy barrier for a shear transformation, Wy, is
then

Wor= dorlNV, = (817 GorYelNV,, (4)

where ( is a correction factor arising from matrix
confinement.” By combining Eqs. (2) and (4), we have

7TWOT

T 4yeNY, ©)

Tco
Again, this is the yield stress without the assistance of ther-
mal activation. In other words, the shear transformation bar-
rier would be completely overcome by this applied stress
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alone. Note that the sampled energy landscape and barrier
(Wyp) depend on temperature 7.

Our problem deals with the strength at room temperature,
Tg. We therefore examine the temperature regime of 7<T,.
The atomic configuration has been frozen in a megabasin of
the PEL, but the energy barrier of this megabasin, W, is
still changing with 7. As related above in Eq. (3), the change
in ¢y is reflected by Gz, which exhibits a weak dependence
on T for T<T o due to the Debye-Griineisen thermal
expansion.”?!?2 From Eq. (4), the T dependence of W, can
be expressed as

Wor _ Gor
Wor,  Gorg

(6)

We know that Wy, scales with T, via’ (also see below)

WOTg = BTg . (7)

Making use of Egs. (6) and (7), we can then rewrite Eq. (5)
as
WﬂTg GOT (8)

s 4¥cINV, Gory

Johnson and Samwer’ included the contribution of ther-
mal activation to yielding and obtained a universal [7/7,]*?
dependence,

723
ter = Te = T a(Gorl Gor) 1 | 9)
g

where « is a constant for a given shear strain rate, and 7y is
the critical shear stress at T for the stress-assisted thermally
activated yielding. Substituting Eq. (8) into Eq. (9), we ob-
tain

™ Gor 2/3[ r ]2/3
=——— BTN\ 1- Gy//G — .
e 4yeINV, GOTgB g{ [a(Gor/Gor,)] 7,

(10)

In Eq. (10), V, scales with molar volume V,,, . can be
considered universal for all MGs,” and ¢ and N are not ex-
pected to vary significantly for the Cu-Zr MGs we are study-
ing. Gor/ Gor, has a rather weak temperature dependence,
and the upper limit was estimated to be ~7% for Vitreloy 1
by varying T from T, all the way to 0 K./

The focus of our discussion is the T, (or composition)
dependence of strength at the fixed Tk. Equation (10) can be

rewritten as
T T 2/3
TCT=A;g-|:1_B<_) N

m Tg

(11)

where A and B are approximately constants. By fitting with
experimental data of resolved shear stress at yielding of 30
MGs, Johnson and Samwer’ obtained fitting parameters in
their [7/T,]*? correlation. A comparison with Eq. (11) indi-
cates that the constant B can be approximated by their fitting
parameters as B=0.016/0.036=4/9.” We finally have
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T, 4( 1)\
TCTzAJ'|:1__<_> .
Vin 9\T,

(12)

This is the equation used to obtain the dashed line in Fig. 2.
Using a different approach, Yang et al. also proposed a simi-
lar scaling relation between the yield strength and T,

T,-T
(TyzCJ'—.
Vv

m

(13)

Equation (12) could take the same form of Eq. (13) if B and
the exponent in Eq. (11) are both taken as unity. Equation
(12) is thus consistent with the empirical observation that the
strength of MGs correlates with 7,.%** As shown in Fig. 2,
Eq. (12) adequately captures the trend in the experimental
data in the BMG-forming range from CuygZrs, to CugyZrs.

V. STRUCTURE-DYNAMICS-STRENGTH
CORRELATION

The next step for establishing the structure-strength rela-
tionship is then to assess how the structural development in
the supercooled liquid changes the energy barrier for relax-
ation (toward Wyr,) and controls the glass transition [the
strength-controlling 7', in Eq. (12)]. To this end, we examine
the relaxation dynamics in the supercooled liquid. The char-
acteristic relaxation-time scale can be represented by
a-relaxation time.>* In the language of PEL, a relaxation
corresponds to migration between neighboring megabasins
(with a configurational spacing of 47y, in the model of
Johnson and Samwer’). In deeply supercooled region, a re-
laxation usually consists of multiple 3 relaxations, and each
B relaxation corresponds to a hopping event between con-
tiguous basins residing in a much larger megabasin.?’?* In
terms of structure, B relaxation can be pictured as cage rat-
tling and breaking of local clusters (e.g., 10-100 atoms) and
a relaxation as collective progress of S-relaxation events
throughout the sample, leading to macroscopic and irrevers-
ible atomic rearrangements. Thus in the PEL, the super-
cooled liquid loses its memory about the initial configura-
tion, migrating to a neighboring but independent megabasin.
For a MG former such as CuZr with (deep) undercooling «
relaxations are retarded dramatically and deviate from
Arrhenius behavior. Glass transition sets in when the relax-
ations are slowed down sufficiently to prohibit their observa-
tion or measurement on the laboratory time scale.>* At this
point a global irreversible relaxation is no longer possible for
time scale available, and the liquid appears frozen.

In MD simulations, we can monitor the a-relaxation time,
tq» as a function of T (for T>T,) during cooling. ¢, is defined
as the time when the self-intermediate scattering function
(ISF) has decayed to ¢! of its initial value.”® The ISF is the
space Fourier transformation of the van Hove correlation
function,?

Na
F(q.1) =N;1(2 explig - [7(r) - 7(0)]}>, (14)

=

where a denotes the element type and N denotes the number
of atoms. 7 is the position of each atom. To determine ¢, the
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FIG. 3. (Color online) Self-intermediate scattering function
(ISF) of Cu for three Cu-Zr MG-forming liquids (800 K) for char-
acterization of the a-relaxation time. The wave vector is gma=|ql,
the first peak of the partial structure factors of Cu. The a-relaxation
time (z,) is defined as the time where the self-ISF has decayed to
e~! of its initial value (labeled by the horizontal line). Note that the
a-relaxation time is a characteristic time scale of the relaxation
dynamics for the whole system; in other words, if we use ISF of Zr
to determine 7,, we would have similar values (Ref. 25) and the
same trend.

wave vector g is usually fixed at g, =|g|, which corre-
sponds to the first peak of the partial structure factors of
element a. As an example, we plot the ISF of three compo-
sitions at 800 K and illustrate the determination of 7,, in Fig.
3. t,, scales with the viscosity?® and directly correlates with
WOT Vi8.27

toT) =1 exp[W—OT], (15)

kT

where 7, is the high-temperature limit of relaxation time cor-
responding to the Planck viscosity limit for metallic
systems.?” Now Eq. (7) can be achieved by an assumption
that the glass transition corresponds to a critical a-relaxation
time #5; thus In(#/7) can be regarded as a constant,

Wor, = ksT, In(1/1%) = BT, (16)

Figure 4 is a plot showing the increasing ¢, (in logarith-
mic scale) with decreasing T for our MG-forming Cu-Zr lig-
uids, demonstrating increased Wy and non-Arrhenius behav-
ior. It is also obvious that at any given T, 7,(T) increases with
increasing Cu content. Both the evolution of W, with T and
its composition dependence at given T suggest that the bar-
rier is elevated with increasing icosahedral ordering shown
in Fig. 1(c). Due to the limited MD time scale, it is not
possible to acquire ¢, data very close to T,. However, the
curves can be extrapolated to T, by fitting the data using the
well-known Vogel-Fulcher-Tammann (VFT) equation.8-30
The various Cu-Zr alloys are seen to reach the same critical
% (or any given critical criterion for glass transition) at dif-
ferent T,. This is, again, due to the different degrees of struc-
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FIG. 4. (Color online) Evolution of a-relaxation time (r,) with
cooling. For clarity, only three compositions are shown. The curves
are fits to the data using the VFT equation. The horizontal line
corresponds to the criterion for glass transition in simulation, and T,
values determined from H-T (enthalpy 7) curves are labeled with
stars. The obvious composition dependence of T, is shown in the
inset, which also includes 7, for two additional simulations of
CuyyZrgy and CugsZr;s (smaller symbols) to demonstrate the inap-
plicability of interpolation assuming the rule-of-mixtures (dashed
line).

tural development inside. Also marked in Fig. 4 and shown
in the inset are the T, values estimated from our simulations
in the enthalpy (H) versus T plots (H-T curves not shown).

Note that the T, values obtained by H-T curves seem to
project consistently to a critical 7, of ~10 ns (Fig. 4). This
manifests that in the “MD-simulated laboratory”, the charac-
teristic time scale (for sample processing, observation, mea-
surement, etc.) is indeed at a span of nanosecond. However,
these T, values are also close to experimental
measurements,' 3133 where the characteristic time scale
should be many orders of magnitude longer. These observa-
tions can be understood from the following considerations.
First of all, because the MD measurement time is much
shorter than in experiments, the apparent T, in simulation
would appear at a higher temperature. However, since the
curves are increasingly steeper with decreasing 7, a small
shift of 7" may result in large difference of ¢,, especially at T’
close to T,. Therefore, even though the transition criterion #,
is very different for simulation and experiment, the transition
temperature 7, is not going to be very different. In fact, in
experiments, the observation is that T, usually shifts no more
than a few degrees when the cooling rate is changed by one
order of magnitude.>3* On the other hand, the fast cooling
rate in MD simulation limits the development of ordering
such that the curves in Fig. 4 deviate from the experimental
equilibrium liquids® in the deeply supercooled regime, push-
ing down T,. The compensating effects also explain why the
MD T, values are not very different from the experimental
ones. We note here once again that the MD data are not
meant to reproduce experimental values for real-world MGs
(as the processing conditions are different) but to provide
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insight as to what controls 7, and Wz, and to capture the
trend of composition-dependent properties.

In Fig. 2 we have included ¢,, at 800 K. The trend for 7, is
obviously similar to that of ay. On the other hand, 7, also
correlates with the structural features developed (fi., and
fitoms): also compare Fig. 1(c) and Fig. 4. These correlations
establish that there is an intrinsic relation between the struc-
ture evolution, the dynamics in the supercooled liquid, and

the mechanical properties of the eventual BMG.

VI. MICROSCOPIC ROLE OF ICOSAHEDRA IN
CONTROLLING DYNAMICS

In Sec. V, we have demonstrated that parallel to the in-
crease in full icosahedral packing, ¢, and Wy, and T, are all
increasing with Cu content. However, to unequivocally pin
down the role of the icosahedral ordering in controlling ¢,
and 7, (and hence o, see equations above), we need one
more step to directly compare the effect of the full icosahe-
dra and other polyhedral types on relaxation dynamics. To
confirm that the slow dynamics is indeed controlled by full
icosahedra, we need a measure of atomic mobility, which
will be used to reflect the effect of local structure on the
dynamic behavior of the atoms. To this end, we first calculate
the non-Gaussian parameter,

30y
PP

to obtain the “maximum non-Gaussian time”: ¢ at which «a,
reaches the maximum. This time corresponds to the time
when the distribution of atomic motion is the most heteroge-
neous, which is the late stage of cage rattling (8 relaxations)
or a time spot right before the liquid has performed an «
relaxation. Therefore, at this time, the mean-square displace-
ments of atoms are the most discriminating: atoms with large
displacement are leading the « relaxation, while the atoms
with small displacement are retarding it. We then evaluate
the “propensity of motion™?’ from the atomic mean-square
displacement measured for this time interval at 800 K in the
supercooled liquid. 1000 simulation runs were conducted
and averaged, starting from the same configuration but with
independent random distribution of initial momenta (in ac-
cordance with the Maxwell-Boltzmann distribution). By av-
eraging the mean-square displacements for the propensity of
motion, we have eliminated the effect of initial momenta
distribution and obtained an indicator of atomic mobility
which is solely determined by the local structural environ-
ment. It was shown before that the distribution of propensity
for motion is highly heterogeneous, indicating a wide range
of local atomic mobility’” (also see Fig. 5). The structural
origin, however, remained unclear except in some idealized
model systems such as Dzugutov liquids, where the hypo-
thetical pair potential is designed to artificially favor icosa-
hedral packing.3%3

A statistical correlation between the local structure and
dynamics can be revealed as follows. As shown in Fig. 5 for
CugyZrsq, for the 5% Cu atoms with the slowest dynamics,
the majority (over 70%) of them are in full icosahedra. In
fact, the inset in Fig. 5 clearly indicates that the lower the

a(t) = (17)
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FIG. 5. (Color online) Distribution of atomic mobility (propen-
sity for motion) of Cu in Cug,Zr34 (at 800 K). Left end (blue color
online) area and right end (red color online) area mark the 5% Cu
atoms with the lowest and highest mobilities, respectively. In the
inset, the Cu atoms are sorted by their atomic mobility from low to
high. They are divided into 20 groups, each containing 5% of the
total Cu atoms. In each group, atoms are categorized by their local
structural environment (Voronoi indices of the Cu-centered coordi-
nation polyhedra). The histogram shows the makeup of each of the
20 groups in terms of the percentage of each of the five most popu-
lous Voronoi polyhedra for the slowest group (left) to the fastest
group (right).

mobility, the higher the concentration of full icosahedra, and
vice versa. In contrast to the sensitive dependence of mobil-
ity on full icosahedra, all other types of clusters are not re-
sponsible for the slow dynamics, even though their popula-
tion is significant and some of them are distorted or
fragmented icosahedra and contain many fivefold bonds. A
possible reason is that a full fivefold environment would be
preferable and better balanced to efficiently retard the relax-
ation processes. The underlying mechanism, from the local
PEL perspective, could be that local full icosahedral packing
with complete fivefold environment corresponds to higher
configurational transition barrier, which may be correlated
with a deeper local minimum. For example, our preliminary
calculation shows that the average configurational potential
energy of Cu atoms surrounded by full icosahedra is
~0.03 eV/atom lower than those surrounded by other types
of polyhedra. The elevated local configurational transition
barrier, in turn, can extend the cage rattling process and de-
lay the breakdown of the local cage that may set off « relax-
ation. In fact, this stabilization benefits not only the center
atoms but also other atoms involved in the full icosahedra.
For example, the Zr atoms involved in full icosahedra are
observed to have an average atomic mobility of ~30% lower
than those not belonging to any full icosahedra (see Fig. 6).
Other types of polyhedra, in contrast, do not exhibit this
stabilizing effect. Another interesting observation, in Fig. 5,
is that the five types of the more regular polyhedra account
for over 95% of the slowest atoms, while only less than 70%
for the fastest atoms, indicating that there are more irregular/
liquidlike clusters in the high mobility regions.

There is still one more issue to address. We know that in
CugyZr;¢ full icosahedra are actually the most popular clus-
ters [Fig. 1(b)]. They are expected to be the most comfort-
able local configuration for this composition. One could infer
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FIG. 6. (Color online) Average atomic mobility of Zr in differ-
ent local environments. For each polyhedral type, Zr atoms are
categorized into two groups: those that are involved in a cluster of
this polyhedral type and those that are not. An average atomic mo-
bility of Zr in each group is calculated and compared with the other
group. It is seen that (0,0,12,0) full icosahedra have stabilizing
effect on the Zr involved, but other types of polyhedra do not.

that they would naturally correspond to low mobility as they
would be reluctant to change. In other words, for an alloy
composition where the favorable local structure is not domi-
nated by full icosahedra, will the dominant polyhedra (a new
type different from icosahedra) play the same role as the full
icosahedra in CugZrzs? For comparison, we simulated
Cu,yZrg,, which is dominated by polyhedral types other than
icosahedra and shows much smaller 7,. Interestingly, here
there is no particular polyhedron type that can be singled out
to preferentially slow down the atoms (see Fig. 7). The lack
of stabilizer in Cu,yZrg, explains why its relaxation dynam-
ics is much faster than CugyZrsze. This is also strong proof
that the development of full icosahedra in Cu-Zr is indeed
directly responsible for slowing down the dynamics, effec-
tively increasing Wz, discouraging basin hopping and pro-
longing ¢,.%°

We note that for MG-forming liquids, although the rheol-
ogy is known to depend on configurational potential
energy,”’ an understanding directly connecting structural or-
der with dynamics has not been available before. A more
pronounced dynamical slowing down leads to higher 7,, see
Fig. 4 (and correspondingly higher Wyy,). The full icosahe-
dra order is therefore also responsible for the increased re-
sistance to stress-driven shear transformations (plastic relax-
ation events for flow) at Tk.

VII. CONCLUDING REMARKS

In summary, the atomistic models presented here, while
not meant to capture absolute property values of real-world
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FIG. 7. (Color online) Same as the inset of Fig. 5 but for
CU2()ZI'80.

alloys, enabled us to identify full icosahedra ordering as the
structural origin of the dynamical slow down that controls 7,
(and Wyr,), which in turn scales with the strength of the MG
at Ty [see derivation leading to Eq. (12)]. The composition
dependence of this development of structural and dynamical
heterogeneities is responsible for the obviously composition-
dependent T, and mechanical behavior (such as strength and
plasticity) observed in experiments.>!! T, appears to be an
easily accessible indicator of the strength ‘of MGs,*? but on
a deeper level, our analysis demonstrates that it is the intrin-
sic structural evolution that determines macroscopic proper-
ties.

By “structure,” we refer to information pertaining to
chemical make-up and atomic bonding involved in the
atomic cluster, in addition to local order. All these are inter-
dependent effects that cannot be isolated: the enhanced full
icosahedral ordering with increasing Cu content goes hand in
hand with the appropriate composition ratios and bond types,
which chemically, topologically, and kinetically stabilize the
local icosahedral motifs. Together, these structural effects
lead to the higher resistance to shear transformations and
hence also reduced propensity for plasticity.?

Note that the experimental properties> and the underlying
composition-dependent structure, especially the (0,0,12,0)
full icosahedral order important for slow dynamics, cannot
be represented by a simple rule-of-mixtures interpolation.
Simulations of Zr-rich and very Cu-rich MGs indicate re-
duced stability of icosahedral order and low T, (to illustrate
this point the latter is shown in the inset in Fig. 4).
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