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Structural heterogeneity at the nanoscale such as medium-range order (MRO) in metallic glasses (MGs)
has been suggested by theories and simulations for many years and recently been observed by experi-
ments. However, its correlation with plastic deformation is still poorly understood and investigation into
this correlation has just begun. In this study, we first propose a correlation between the properties of
shear transformation zone (STZ) and the local structural information at the MRO length scale. As revealed
by experiments, the MRO exhibits different types of atomic order and symmetry in MGs depending
strongly on the processing history and service condition. We then carry out STZ dynamics simulations to
document effects of volume fraction and symmetry of dissimilar STZs (derived from experimental
characterization of the MRO) on shear banding dynamics and stress-strain behavior. In particular, a
“precipitation-hardening” effect is observed and “strain frustration” is introduced to explain and better
understand the influence of nanoscale structural heterogeneity on mechanical behavior of MGs. Our
approach intends to provide new fundamental insights into the relationship between the mechanical
properties of MGs and their MRO-level structural heterogeneities.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Various structural heterogeneities have been introduced in
metallic glasses (MGs) in order to tune their mechanical properties,
with the primary goal of improving their tensile ductility without
sacrificing much of the strength. For instance, MG-matrix com-
posites containing a crystalline phase in the forms of isolated
dendrites ð � 10 mmÞ [1e3], nanocrystals (� 5 nm) [4,5], and
crystalline-amorphous multilayers [6] have been produced to show
some improvement in tensile ductility; hierarchical MG composites
exhibiting two length scales of heterogeneities (from � 10 nm to �
100 nm) have also been obtained through phase separation [7]; MG
foams are even produced as strong and lightweight materials for
certain applications [8]. The diverse scales of these structural het-
erogeneities have shown some interesting and promising effects on
the formation of shear bands at room temperature and may indeed
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lsevier Ltd. All rights reserved.
provide ways of controlling plasticity in MGs, similar to the roles
played by homo- and/or hetero-phase interfaces in plastic defor-
mation of crystals. However, the characteristic length scale of the
above heterogeneities are all well above the size of the so-called
medium-range order (MRO), which resides at � 1 nm and has
been considered as one of the key elements of intrinsic glass
structures [9e15]. Using fluctuation electron microscopy, Hwang
et al. [14] have recently revealed a crystal-like MRO in Zr50Cu45Al5
MG, which has an average size of � 1 nm, similar to those found in
some molecular dynamics (MD) simulations (e.g., [16,17]). In
addition, it has been shown that this crystal-like MRO would
transform into another type of MRO containing a chain of icosa-
hedral nearest-neighbor clusters upon annealing [14]. Since the
ductility and strength of MGs can also be significantly altered upon
annealing [18], it is natural to ask if these nanoscale structural
heterogeneities are indeed responsible for the change of properties.
Such correlation, if it exists, will certainly distinguish itself from the
“structure-property” relationships discussed at the very beginning
because the MRO occurs at a much smaller length scale and are
believed to be intrinsic in the sense that they may be strongly
related to the thermal and/or service history of a glass, offering a
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different strategy of tailoring the property of MGs.
So far, all MROs revealed either experimentally or computa-

tionally have a length scale (� 1 nm) commensurate with the size
of the shear transformation zone (STZ) [19e22] that is considered
as the fundamental plasticity carrier in MGs [19,23e25] (and may
also correlate with the structural relaxation [26e28]). If MRO
indeed plays a key role in the “structure-property” correlation of
MGs, it is reasonable to expect that there should be a direct cor-
relation between the MRO structure and the STZ behavior as they
spatially “coincide” with each other owing to the comparable
length scales. The existence of nanoscale structural heterogeneities
(spatially distributed MROs) may imply that the nature of STZ
events can be quite different, depending on whether they are
activated in normal glassy regions or regions containing MROs. In
fact, recent molecular dynamics (MD) simulations [29,30] have
suggested that vibrational “soft spots” (certain structural hetero-
geneities) are fertile sites for the initiation of STZs. Those structural
soft spots are composed of or centered around the so-called
“geometrically unfavored motifs” (GUMs) that are distinctively
different from the dominant structural unit in MGs, i.e., the full
icosahedra that are the most energetically favorable and geomet-
rically comfortable short-range order (SRO) motifs. It was further
suggested that in the potential energy landscape of MGs, “basins”
with a smaller local curvature (corresponding to GUMs) tend to
have lower barriers for transitions to neighboring basins [30].

The GUM-STZ correlation revealed by Ding et al. [30], though
statistical in nature, indeed provides some atomistic basis on
exploring the “structure-property” relationship by focusing on the
intrinsic structural heterogeneities at the MRO level. A recent
continuum simulation showed that plasticity and toughness of MGs
could be enhanced by introducing free volume dispersion [31],
though the heterogeneity was limited to the continuum finite-
element mesh size that is much larger than MRO. An interesting
question that remains unexplored so far is whether the experi-
mentally revealed MROs can in fact correlate with the observed
macroscopic mechanical properties of MGs. We thus hypothesize
here that the inherent local structural heterogeneity in MGs will
bring regions (� 1 nm) of the glass corresponding to the presence of
MROs into distinctive internal states as compared to the rest of the
glass. More specifically, STZs resulting from regions containing
crystalline-like MROs [14,17] are likely to have quite different
transformation pathways (e.g., shear modes and activation energy
barriers), as also suggested in Ref. [30]. In this paper, we will test
this hypothesis to correlate MROs and STZs, which has been
missing in all previous STZ dynamics simulations [32e35], and
explore the resulting impact on shear banding and stress-strain
behaviors in MGs. It will be shown that by increasing dissimilar
STZs derived from the experimentally informed MROs, shear
banding and stress-strain curves are significantly changed and an
effect similar to “precipitation-hardening” in crystalline solids is
observed in MGs.

2. Methods

2.1. Influence of MROs on STZ operations: experimental findings and
theoretical basis

Crystal-like ordering (e.g., FCC type) at a length scale of � 1 nm
has been observed frequently in MGs [14,36e39]. The effect of
microalloying in controlling those nanoscale ordering has also been
demonstrated [40]. In addition to those experimental studies, a
recent ab initio MD simulation study combined with a genetic al-
gorithm also revealed an FCC motif in MGs [41]. Considering that
the current atomistic/ab initio simulations tend to have too high of a
cooling rate that artificially boosts 5-fold icosahedra count, the
crystalline motif count in real MGs may actually be even higher
than that suggested by the simulation results. The formation of
nanocrystals in MGs [42] may further suggest that there is an
inherent structural correlation between glasses and (nanoscale)
crystals.

Owing to the distinctively different structural features between
the MROs (with crystalline order) and the glassy matrix (with
icosahedral order), the corresponding STZs are likely to exhibit
different characteristics as well. The property difference resulted
from compositional and processing-condition differences in MGs
are generally believed to be tied to MROs, which calls for more
experimental and theoretical studies [43]. On the other hand, the
properties of MG composites embedded with nanocrystals (1� 10
nm) have been explored by experiments [4,5,44], which show the
significant role of those nanocrystals in altering shear banding.
Although MROs are not nanocrystals, its crystal-like symmetry is
expected to render some special crystal-like planes and thus lead to
dissimilar STZs from those of the glassy matrix. In fact, the strong
influence of local atomic arrangements on STZ operations has long
been suggested [25]. We can take the free volume as an example to
illustrate the influence of structural order on the underlying de-
fects. In crystals, the free volume will be localized as a 0-
dimensional defect, i.e., vacancy, which plays a central role in
determining the physical properties of crystals. However, a hole of
atomic size is found unstable in glass by simulations [45], which is
later confirmed by direct experimental measurement of the free
volume in MGs [46]; instead, other concept such as the “connected
atomistic free volume” [35] should be used to better define the free
volume in glass. The fundamental physics behind this is that a
crystal lattice tends to preserve sites while MGs do not. Following
the tenet that “microstructure determines properties”, the effect of
dissimilar STZ operations due to the presence of MROs should be of
great significance to establish a “structure-property” relationship in
MGs and deserves theoretical explorations.

2.2. Incorporating MROs in STZ dynamics

To investigate the correlation betweenMROs and shear banding,
a model that can bridge the length and time scales between indi-
vidual STZ events and the formation of shear bands is necessary. To
this end, we employ our previously developed heterogeneously
randomized STZ model [33,35], which allows mesoscale simula-
tions of plastic deformation of MGs using STZ as the building block,
and introduce new types of STZ that are informed by the experi-
mentally revealed MROs (Fig. 1(b)) [14]. While it is still challenging
at this moment to determine the property difference between
different types of MROs and STZs (which will be defined more
clearly later), the apparent atomic packing symmetry difference as
shown by the experiments (Fig. 1) may lead to different plastic
responses when relaxing local stresses via STZ transformations.

In theory, STZ resulted from regions containing “crystal-like”
structures (Fig. 1(b)) may “see” a relatively well-defined lattice
plane over � 1 nm and consequently resemble some features of
plastic slip in crystals when activated, which is quite different from
STZs resulted from regions of full icosahedra. This can be better
understood by adopting the concept of generalized-stacking fault
(GSF) energy profile in MGs [47]. As schematically shown in
Fig. 1(c), if STZ occurs in matrix regions rich in icosahedral clusters,
we should expect an initially high activation energy barrier (be-
tween A0 and A1) corresponding to the first STZ transformation,
which should relate to typical MG properties such as high elastic
limit and high yield strength [48]. The energy barriers for the
subsequent STZ transformations (between A1 and A2) are, however,
expected to be much lower due to softening [33]. If plastic shear is
accommodated by STZs at regions containing crystal-like MROs,



Fig. 1. (a) Illustration of different types of STZs having different shear modes, which is motivated by (b) experimentally revealed MROs including pseudo six-fold crystal-like MRO
(green circle), two-fold aligned icosahedral MRO (white circles), and random icosahedra rich glassy matrix (red circle) [14]. Atoms are colored by the fraction of pentagons in their
Voronoi Polyhedra. (c) Schematics of GSF energy of a MG as a function of a sharp displacement discontinuity when shear is accommodated either by glassy STZs (red curve) or by
crystal-like STZs (green curve). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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e.g., the two types illustrated in Fig. 1(a), we may expect a crystal-
like GSF energy profile as typically seen in crystals, which is also
illustrated in Fig. 1(c).

In order to explore the above correlation between nanoscale
structural heterogeneity (MRO) and STZ, we take a heuristic
approach by introducing two types of new STZs (hereafter referred
to as crystal-like STZs) into our previous two-dimensional (2D)
model [49]. The first type (simply called six-fold STZs) resembles
the pseudo-FCC symmetry in 2D and its shear modes are pre-
dominantly dictated by an event catalog that favors shearing along
one of the three “close-packing” planes, similar to the Schmid's law
in crystal plasticity. The other type (simply called two-fold STZs) are
expected to behave in a similar way, but with more limited number
of preferential shear directions. More specifically, we assume that
there areM ¼ 6 shearmodes for the six-fold STZs andM ¼ 2modes
for the two-fold STZs, as compared to M ¼ 20 [33] for the glassy
matrix STZs. In our STZ model, each shear mode is described by a
stress-free-transformation-strain (SFTS) tensor, which in 2D can be
represented as [33]

ε ¼
�
ε1 ε3
ε3 �ε1

�
(1)

To study the influence of crystal-like symmetry, we assume that
for a given six-fold STZ, the SFTS tensor of mode-i and mode-j are
related by
ε
jð Þ ¼ RT

�
ε
ið Þ þ dε

�
R; (2)

where

dε ¼
�
dε1 dε3
dε3 �dε1

�
(3)

represents the inherent structural fluctuation in glass and the
rotation matrix is given by

R ¼
�
cos q �sin q
sin q cos q

�
(4)

with a rotation angle

q ¼ ðj� iÞp
3
þ dq: (5)

Here dq represents the structural fluctuation due to the fact that the
crystal-like symmetry in the MRO regions is only held approxi-
mately. In our simulations, dε and dq are drawn from a uniform
distribution to account for a relative � 20% variation, which is
arbitrarily chosen for the current parametric study. The specifica-
tion of the SFTS tensors follows the numerical approach presented
in Ref. [33] such that the orientation of the crystal-like STZs are
isotropically randomized in space. Given the total number of STZ
modes MðxÞ together with the SFTS tensors

�
ε
ið Þ �M

i¼1, a remaining
key parameter to be determined is the corresponding activation



Fig. 2. Simulated tension stress-strain curves of MG samples with different volume fractions of (a) six-fold and (b) two-fold STZs.

1 This term should not be confused with the fact that our STZ dynamics model is
inherently heterogeneous in space and time [33], and the reader is referred to [35]
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energy barrier DF� along each STZ transformation pathway. While
the absolute value of DF� (1�5eV) is still difficult to determine, the
more important thing for our study is the difference inDF� between
the glassy and crystal-like STZs. It is likely that the latter is lower as
the local crystalline order of MROs must lead to some special
crystal-like (or less perturbed/interrupted) atomic planes and thus
may facilitate slip (along certain directions) more readily due to the
inherent (local) translational symmetry, which is not present in the
5-fold icosahedra. Nevertheless, the actual MRO energetics can be
complicated and, in this study, we will explore the resulting effect
on shear banding via parametric study. In addition, when the
embedded crystal-like STZ is sheared by a Burgers vector, because
of the amorphous nature at the “precipitate”/matrix interface, it is
possible that the “dislocation” can be easily absorbed, similar to the
“sink” role played by grain boundaries (amorphous in nature) in
crystal plasticity [50]. The energy of the crystal-like STZ after such
shearing maintains the same and there is no volume expansion
(damage accumulation). In other words, the dissimilar STZs asso-
ciated with MROs may present “persistence of shear” as in crystals
due to site preservation of the crystal-like MRO structure, which is,
however, absent in an icosahedron or something that is irregular in
terms of translational (slip) operation. As a result, DF� for the
crystal-like STZs is assumed to be fixed in our model.

We use a computational grid of 512� 1024 where each grid-
point represents a coarse-grained (2D) voxel with the size of STZ,
which is taken as 1:7 nm� 1:7 nm in current simulations. This
gives the physical length of our computational grid as
0:87 mm� 1:74 mm. (For more details of the model framework, the
readers are referred to [33].) The volume fraction of the crystal-like
MROs (i.e., the six-fold or two-fold STZs) can be obtained from
fluctuation electron microscopy experiments [14,51]. Although the
fluctuation electron microscopy can also acquire the spatial distri-
bution of MRO, such data have not been reported in the previous
works [14,51]. In the current study, for simplicity, a spatially uni-
form distribution is assumed for the position of crystal-like STZs. In
addition, the elastic modulus of the crystal-like STZs are assumed to
be the same as that of the glassy STZs to avoid numerical
complexity associated with using the inhomogeneous elasticity
solver [35]. Setting the activation energy barrier of 4 eV for the
glassy STZs and 3 eV for the crystal-like STZs (other scenarios will
be explored in the Discussion section), 69.46 GPa for Young's
modulus and 0.365 for Poisson's ratio (assuming isotropic elastic-
ity), various simulations are then carried out in a parametric
manner to study possible correlations between MROs and me-
chanical properties of MGs.
3. Results

Fig. 2(a) shows the stress-strain curves (under uniaxial tension)
of the MG samples containing different volume fractions, F, of six-
fold STZs. In the case of F ¼ 0%, after the peak stress is reached at�
2% elongation, significant softening takes place, which corresponds
to quick formation of a sharp shear band in the deformation
microstructure shown in Fig. 3(a). We will refer to this F ¼ 0%
sample as the “homogeneous1 sample” hereafter to emphasize that
it contains only glassy STZs. It is shown in Fig. 3(a) where significant
shear localization occurs within a narrow shear band exhibiting a
width of � 20 nm. It is also interesting to see that along this shear
band, there is a region that experiences much larger plastic defor-
mation as compared to the rest in the band. This “hot region” ap-
pears narrower than the rest part of the band. A close inspection of
the temporal evolution of the strain maps confirms that this “hot
region” corresponds to the initiation sites of the shear band. The
corresponding stress map shown in Fig. 3(e) suggests that within
the shear band severe stress concentration occurs.

As more and more crystal-like MROs are introduced in the
sample, the peak stress gradually decreases with the following
softening becoming less and less abrupt; in the case of F ¼ 30%,
strain-hardening exists even after the post-peak stress softening
(Fig. 2(a)), which has also been observed in some experiments [52].
It needs to be pointed out that “hardening” here refers to the post-
peak flow stress, which corresponds to a quasi-steady (STZ-medi-
ated) flow state in our model without considering any failure
mechanism. From the corresponding strain maps shown in
Fig. 3(b)-(d), it is evident that shear bands become much more
diffuse as compared to those observed in the homogeneous sample,
with more or less an overall homogeneous deformation in the case
of F ¼ 30%. Fig. 4(a) plots the peak stress together with the sub-
sequent stress drop against the six-fold STZ vol.%. These results
suggest that the presence of six-fold STZs may simultaneously
decrease the strength but prevent catastrophic failure by making
shear bands more diffuse and leading to more homogenized
deformation.

Since the experiments [14] show that upon annealing, the
pseudo-FCC crystal-like MROs can relax into two-fold chains of
icosahedral clusters and it is well-known that annealing can in-
crease the strength of MGs but make them more brittle, we
for more discussion on the physical meaning of such idealized glass with F ¼ 0%.



Fig. 3. Spatial distribution of von Mises equivalent strain (top row) and stress (bottom row, colorbar unit ¼ GPa) at 2:7% elongation in MG samples with different amounts of the six-
fold MROs. From left to right the six-fold STZ volume fraction is, respectively, 0%, 10%, 20%, and 30%. (The uniaxial tension is along the vertical direction.) (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Peak stress and stress-drop variation against the volume fraction of (a) six-fold and (b) two-fold STZs.
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introduce another type of STZs that possess two characteristic SFTS
tensors. It needs to be pointed out that it is quite possible that along
other directions in the multi-dimensional strain space, there are
other potential transformation modes, which, however, are located
in a longer distance in the strain space as illustrated in Fig. 1. We
then perform the same set of simulations as above by replacing the
six-fold STZs with the two-fold STZs. The obtained tensile stress-
strain curves are quite different from the ones obtained from the
previous case (Fig. 2(a)), as shown in Fig. 2(b). The peak stress re-
mains virtually the same for the samples containing different
amounts of two-fold STZs and is the same as that of the homoge-
neous sample. This means that for a given MG sample containing
initially certain amount of pseudo-FCC MROs, if annealing indeed
converts these crystal-like MROs into chains of icosahedral clusters
(i.e., with pseudo two-fold symmetry), with other local properties
remaining more or less the same, our simulations suggest that the
peak strength will increase to the level of a homogeneous sample.
This result agrees with the experiments [53,54], and atomistic
simulations [55] have also shown that a slow cooling rate (i.e.,
allowing the glass to anneal more as compared to a fast cooling
rate) can significantly increase the peak-stress of glasses. Regarding
the influence on shear banding, the results are similar to the case of
six-fold STZs as shown in Fig. 3, that is, more two-fold STZswill lead
to more diffuse shear bands.

Apart from the stress-strain curves and deformation micro-
structures, we can perform extreme value (EV) statistics analysis to
assess the damage-tolerance. In Fig. 5(a), EV analysis for simulation
results shown in Fig. 2(a) is presented. Clearly, as the amount of the
crystal-like STZs increases, the “tail” of the distribution becomes
shorter and shorter, implying that fewer and fewer extreme values
of the local (STZ level) plastic strain are developed. More quanti-
tatively, Fig. 5(b) plots for different F the volume fraction of
“extreme sites”, defined as voxels with accumulated trans-
formation strain larger than 0.3 (the characteristic shear of STZ is
0.1). The decrease of extreme site population with increasing F
suggests that by introducing more crystal-like MROs, the glass can
be more damage-tolerant. In addition, we also compare the
different effects on damage tolerance due to six-fold and two-fold
STZs, as shown in Fig. 5(b). Except for the cases of F ¼ 30% that
have a much lower amount of extreme values and lead to essen-
tially a homogeneous deformation in either the six-fold or two-fold
STZ case, samples containing two-fold STZs tend to develop much
more extreme sites than samples containing six-fold STZs with the
same amount. Since extreme sites are usually prone to initiation of
Fig. 5. (a) Probability density distribution of voxel-level accumulated transformation strains
macroscopic elongation of 2:7% in Fig. 2(a) and (b).
cracks, our results show that conversion from the pseudo-FCC
MROs into the two-fold chains of icosahedral clusters may signifi-
cantly reduce the damage-tolerance and render the MGs more
brittle, which agrees with the annealing effect on MGs observed in
the experiment [53,56].
4. Discussion

4.1. Strain frustration

The revealed correlation between the MRO-level heterogene-
ities and the mechanical properties of MGs originates from the
available (with respect to the time scale of the applied deformation/
loading increment) transformation modes of STZs, which is inher-
ently determined by the topological features of potential energy
landscape (PEL) [57,58] of the glass and reflected in our model by
the number of SFTS tensors to be considered during STZ dynamics.
This parameter is expected to depend on the processing history
such as cooling rate, annealing or pre-deformation. The local
change of MRO symmetry (via bond rearrangements between
neighboring SROs, see, e.g. Ref. [59]) can produce local ordering that
changes the distribution and/or population of nearest-neighbor
basins. This will essentially change the available inelastic shear
modes of STZs and hence alter the resulting long-range elastic
energy. Quantitative PEL description of glasses and related phe-
nomena can provide our model with detailed information of STZ
shear modes but is still facing major computational challenges [58].
The current work takes directly experimentally revealed MROs and
derives the corresponding STZs based on local structural ordering.
The simulation results, though parametric in nature, provide a
qualitative understanding of the correlation between MROs and
shear banding.

Better understanding of the influence of MROs on plasticity of
MGs can be achieved by considering the frustration introduced by
MROs. It needs to be pointed out that the concept “frustration” has
been introduced to understand liquid-glass transition and two
types of frustration have been proposed, i.e., geometrical frustra-
tion [60] and energetic frustration [61]. Here we propose a concept
called strain frustration, which is the frustration between (1)
choosing the plastic mode in strain space favored by global shape
change and (2) choosing the locally more favored mode that is
selected from a limited set in the time scale of the applied defor-
mation/loading increment. Glasses have inherent strain frustration
when subject to an applied stress/strain due to the heterogeneous
at macroscopic elongation of 2:7% in Fig. 2(a). (b) Volume fractions of extreme sites at



Fig. 6. Schematics of different strain frustration scenarios in perfect crystals and MGs
containing either six-fold or two-fold STZs (top view of the abstracted potential energy
landscape [33] in a simplified two-dimensional strain-space). The grey dashed line
indicates the favored strain path by the applied deformation/loading and the lack of
potential available shear modes (open circles) along this line creates strain frustration.
Different generations of STZs are colored by different colors and the actual selected
mode is indicated by a solid circle. A solid curve with an arrowhead indicates the actual
transformation path (basin-to-basin transition) and a dotted curve the potential path.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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shear mode catalog of STZ that are originated from the inherent
atomic structure heterogeneity [33,62]. While crystals can also
experience strain frustration when subject to certain orientation
with respect to the applied stress (e.g., the scenario of multiple-
slip), here we only consider the case where the macroscopic
shape change is concordant with one of the active Burgers vectors,
which serves as a clear example to illustrate the key difference
between crystal and MG plasticity and the physical meaning of
strain frustration. In Fig. 6, we show schematically the different
strain frustration scenarios in perfect crystals and MGs containing
either six-fold or two-fold STZs and it is evident that the “degree” of
frustration between the local plastic behavior and global shape
change is largely determined by the available STZ shear modes. In
the current case, the distinctive shear catalogs for dissimilar STZs
(derived from the MROs) and glassy matrix will introduce a strain
frustration on top of the inherent frustration, as a dissimilar STZ
(either two-fold or six-fold) tries to relax the internal stress pro-
duced by the glassy STZ that is very likely to be non-concordant
with any mode in its own catalog. According to our current simu-
lation, such additional strain frustration can serve as intrinsic ob-
stacles for shear band propagation, in that the introduction of
either six-fold or two-fold STZs leads tomore diffuse shear bands or
even homogeneous deformation. This is analogous to the “precip-
itation-hardening” effect in crystals (where precipitates can pre-
vent localized shear and thus increase toughness [63e65]), with
Fig. 7. (a) Probability density distribution of deviation of the characteristic angle of local STZ
containing various volume fractions of six-fold STZs. (b) Same as (b) except for MGs contain
volume fractions of either six-fold or two-fold STZs.
now dissimilar STZs serving as nanoscale “precipitates” in glasses
to prevent the catastrophic shear localization caused by the matrix
STZs. In fact, approaches of introducing second phases in MGs
essentially follow the “precipitation-hardening” philosophy as well.
It can be further inferred based on our results that if certain pref-
erential “orientation” of crystal-like MROs are produced via specific
processing routes (namely, a MRO texture is introduced), the me-
chanical property may be changed as well.

To have a more quantitative understanding of the resulting
strain frustration, we consider the characteristic angle

qðxÞ ¼ 1
2
tan�1 2ε3

ε1 � ε2
(6)

defined in the Mohr's circle for the 2D SFTS tensor ε xð Þ of STZs as
defined previously. There is also a similar angle defined by the
current macroscopic shape change ε, i.e.,

q ¼ 1
2
tan�1 2ε3

ε1 � ε2
: (7)

The difference between the local and macroscopic angle,

DqðxÞ ¼ qðxÞ � q; (8)

measures the deviation of locally selected plastic mode and the
globally favored mode, and is expected to possess certain distri-
bution due to the inherent glassy heterogeneity. Since q is mainly
determined by the applied strain, the influence of MRO-derived
STZs on the plasticity is through the selection of q xð Þ and is re-
flected in the probability density function of Dq. In a homogeneous
sample, a STZ can always find a shear mode to effectively relax the
local stress produced by other neighboring STZs due to the similar
catalog with sufficiently large number of modes. As a result, the
activated plastic modes of STZs within the shear band are expected
to be largely dominated by the local stress states; the prescribed
global shape change only needs to be satisfied in the volume-
average sense, which produces virtually no strain frustration for
STZ transformations. When increasing the volume fraction of dis-
similar STZs, local stress relaxation within shear bands is signifi-
cantly frustrated due to the distinctive shear modes of those
“foreign” STZs (as illustrated in Fig. 6) and shear band propagation
is effectively retarded. In other words, the “autocatalytic” effect due
to transformation-induced local stress is blunted by the strain
frustration due to these nanoscale “precipitates”. Consequently, the
subsequent plastic deformation is no longer favored (or dominated)
transformations from that of macroscopic shape change ðDqÞ at 2:8% elongation for MGs
ing two-fold STZs. (c) Comparison of the average value of Dq for MG containing various



Fig. 8. Simulated tension stress-strain curves of MG samples with different volume fractions of (a) six-fold and (b) two-fold STZs with DF�c <DF�g and DF�c ¼ DF�g .

Fig. 9. Variation of the peak stress and stress-drop corresponding to the results ðDF�c ¼ DF�g Þ in Fig. 8 for the case of (a) six-fold and (b) two-fold STZs.
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by the local stresses but rather by the global shape change that can
select STZs from the entire spatial domain. This suggests that the
majority of q xð Þ will have a value close to the average q and
consequently Dq will tend to have smaller values. This is indeed
confirmed by the analysis of our simulation results as shown in
Fig. 7(a) and (b), where fewer STZs with larger Dq are found with
increasing F in MGs containing either six-fold or two-fold STZs.

Regarding the different influence of the six-fold and two-fold
STZs on plasticity, the difference in the probability density distri-
bution of Dq xð Þ in MGs containing either the six-fold or two-fold
STZs (at a given F) is difficult to perceive by a direct comparison
using Fig. 7(a) and (b). We thus compare the average of the absolute
value of Dq xð Þ, i.e.,

hDqi≡hjDq xð Þ j ix; (9)

which gives a measure of the average deviation between the local
and global deformation modes, and the result is shown in Fig. 7(c).
It may suggest that the introduction of the two-fold STZs tends to,
on average, promote a slightly larger Dq as compared to that of MGs
containing the six-fold STZs. This has in fact been indicated by the
schematics shown in Fig. 6, which suggests that the two-fold STZs
tend to introduce more significant strain frustration than the six-
fold STZs and consequently the two-fold STZs can be considered
plastically “harder” than the six-fold STZs statistically. In other
words, the stress state produced by an arbitrary glassy STZ is more
likely to be relaxed by a six-fold STZ before it can be relaxed by a
two-fold STZ due to the limited shear modes of the latter, i.e., a
larger degree of strain frustration. As a result, a higher stress level is
required to trigger the transformation of two-fold STZs as
compared to that of six-fold STZs, even though the activation en-
ergy barrier for the two are the same in our simulations. When the
six-fold STZs are all replaced by the two-fold STZs, the glass re-
quires a higher macroscopic stress level to yield. If such stress is
equal to or higher than the yield strength of a homogeneous
sample, then the material may start to yield in the matrix first but
the two-fold STZs still serve as the obstacle (precipitate) to impede
shear band propagation. Themacroscopic yield strength in this case
will remain the same, which corresponds to our current simula-
tions. It is also interesting to note that Fig. 7(c) exhibits similar
features as those shown in Fig. 5(b), which actually resembles the
well-known strength-ductility trade-off in many crystals, that is,
the increase of the strength (measured here by Dq in Fig. 7(c)) is
accompanied by the decrease of the ductility (or equivalently, the
increase of brittleness, measured by the volume fraction of extreme
values in Fig. 5(b)).
4.2. Effect of activation energetics of MROs

The heterogeneous nature of the glass structure is expected to
lead to non-uniform local properties. Indeed, experimentally, it has
been shown that the local elastic properties in MGs can exhibit
significant variation on a scale below 10 nm [66]. For the inelastic
deformation properties considered in this work, the activation
energy barrier of crystal-like STZs, DF�c , is assumed to be smaller
than that of glassy STZs, DF�g (Section 2). As has been mentioned in
Section 2.2, this is a theoretical assumption based on the fact that



Fig. 10. Spatial distribution of von Mises equivalent strain at 2:7% elongation in MG samples with different amounts of the six-fold (top row) and two-fold (bottom row) MROs with
DF�c ¼ DF�g . From left to right the six-fold STZ volume fraction is, respectively, 10%, 20%, and 30%. (The uniaxial tension is along the vertical direction.)
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local crystalline order of MROs may facilitate slip along preferential
directions more readily (for example, with much lower Peierls
stress) due to the inherent local translational symmetry, which is,
however, not present in the 5-fold icosahedra. Nevertheless, the
absolute value of DF�c and DF�g can only be unambiguously obtained
from atomistic simulations [67,68] for a given MG system, and it is
likely that the relationship between DF�c and DF�g can be more
complex and perhaps system-dependent as well.

To see the effect of DF�c on the shear banding dynamics before
realistic and large-scale atomistic simulations of the MRO struc-
tures become available, we carry out an additional set of simula-
tions using DF�c ¼ DF�g to compare with the results in Section 3. The
simulated stress-strain curves are shown in Fig. 8 for different
volume fractions of the crystal-like STZs (for comparison, results of
Fig. 2 for DF�c <DF�g is also plotted), and the variation of the corre-
sponding peak stress and stress-drop are shown in Fig. 9.

As compared with the result of DF�c <DF�g (Figs. 2 and 4), a clear
difference is that the peak stress increases as the volume fraction of
the crystal-like STZs increases for both cases of six-fold and two-
fold STZs. This is consistent with the above analysis of strain
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frustration introduced by the crystal-like STZs. Regarding the
stress-drop, the results in Fig. 9 are similar to those in Fig. 4,
namely, more crystal-like STZs lead to less stress-drop post peak
stress. This is actually an indication of more diffuse shear bands,
which is confirmed by examining the strain and strain distribution
as shown in Fig. 10.

In addition, we also fix the volume fraction of the crystal-like
STZs to be 30% and carry out another simulation with
DF�c ¼ 5 eV>DF�g , of which the simulated stress-strain curve is
compared in Fig. 11, together with the previous results, and the
corresponding shear banding is plotted in Fig. 12. If the crystal-like
STZs are more difficult to activate, plastic deformation will simply
be accommodated primarily by the glassy matrix, and as long as the
crystal-like STZs remain as the minority and distributed randomly
in space without clustering, shear bands can form easily and
percolate throughout the matrix.
Fig. 11. Effect of activation energy barrier on simulated tension stress-strain curves of
MG samples with 30% volume fractions of six-fold STZs.

Fig. 12. Spatial distribution of von Mises equivalent strain at 2:7% elongation in MG sample
DF�c >DF�g .
4.3. Strain hardening due to MROs

One feature in Fig. 11 is that noticeable strain hardening is
present for the sample containing 30% volume fraction of the six-
fold STZs, but not in any other samples simulated. While the cur-
rent model does not consider any failure mechanism, the simulated
strain hardeningmay still reflect some inherent plastic features due
to STZ dynamics and is thus worth some discussion. In fact, the
strain hardening starts around 3%macroscopic strain (Fig. 11), close
to the experimentally measured elastic limit of many MGs [48].

After examining the strain distribution for all simulations, it is
found that the sample containing 30% volume fraction of the six-
fold STZs exhibits a homogeneous flow virtually throughout the
elongation, while the others all exhibit certain degrees of locali-
zation. As an example, Fig. 13 plots the strain distribution after 10%
elongation of three samples containing (i) 30% volume fractions of
the six-fold STZs, (ii) 20% volume fractions of the six-fold STZs, and
(iii) 30% volume fractions of the two-fold STZs. It is seen clearly that
plastic flow in sample-(i) is homogeneous. With either the volume
faction of the six-fold STZs decreasing to 20%, i.e., sample-(ii), or the
type of crystal-like STZs changing to two-fold, i.e., sample-(iii),
plastic flow becomes localized to certain degrees. In fact, this ho-
mogeneous nature of plastic flow in sample-(i) can be seen at the
early stage when plasticity is just initiated (2:7% elongation), as
shown in Fig. 3(d). If STZ activation is localized in space, i.e., forming
a shear band, the subsequent STZ activation will primarily be at/
near the interface between the shear band and undeformed matrix
due to stress concentration, or within the existing shear band due
to inherent softening [33]. As a result, no strain hardening should
be expectedwhen the glass deformvia the formation of a dominant
shear band, as confirmed by the current simulations as well as our
previous work [33]. As dissimilar STZs can act as “precipitates” to
prevent the formation of a dominant shear band (Section 4.1),
plastic flow can be homogeneous when sufficient number of dis-
similar STZs are present. Subsequent STZ activation will thus need
to overcome the back stress that is present everywhere in this
homogeneously deformed sample (similar to the back stress for
dislocation glide exerted by coherent precipitates in many
s with 30% volume fractions of six-fold STZs using (a) DF�c <DF�g , (b) DF�c ¼ DF�g , and (c)
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engineering alloys), which leads to the observed strain hardening
in sample-(i). The reason why sample-(iii) does not show strain
hardening is related to the different degree of strain frustration
induced by the six-fold and two-fold STZs as discussed in Section
4.1; essentially, because the two-fold STZs require higher stress to
activate as compared to the six-fold STZs, the former are not as
effective as the latter to diffuse shear localization (particular at the
early stage of plastic deformation) as confirmed by our simulations.
Fig. 13. Spatial distribution of von Mises equivalent strain at 10% elongation in MG samples with (a) 30% volume fractions of six-fold STZs, (b) 20% volume fractions of six-fold STZs,
and (c) 30% volume fractions of two-fold STZs.
4.4. Outlook

The fixed DF� assumed for the crystal-like STZs is expected to be
valid if we focus mainly on the early stage of plasticity. As extensive
plastic deformation occurs, local heating can occur [69] and may
also erase the aging history (also known as “rejuvenation”) [55].
Consequently, the MROs may be able to evolve as suggested by
annealing experiments [14] and even nanocrystals can form as
suggested by many experiments [70e72]. This suggests that in re-
ality the energetics of different STZs/MROs can be more compli-
cated and may evolve upon thermal/mechanical loading. More
understanding of the nature of MROs such as the local structural
and chemical information are required to formulate a model for the
transitions between different MROs, which is certainly an inter-
esting aspect to consider and can be incorporated in our model in
future studies. Nevertheless, argument, analysis, and concept based
on the current parametric studies should remain valid and
meaningful.

In addition, more accurate experimental measurement such as
the size and spatial distribution ofMROs can also be incorporated in
our model to study the resulting effect on plastic deformation of
MGs. Recently, an amorphous/nanocrystalline dual-phase structure
has been synthesized and shown to exhibit significant suppression
of the formation of a dominant shear band owing to the embedded
nanocrystals with sizes below 10 nm [44], which is similar to what
has been demonstrated (but with structural heterogeneities at a
different length scale) in our current simulations. With more
detailed information of MROs available from experiments and
atomistic simulations, our model can provide more quantitative
prediction of the influence of MROs on the mechanical behavior of
MGs.
5. Conclusions

In summary, experimentally revealed crystal-like MROs in MGs
are correlated with dissimilar STZs that possess a set of shear
transformation modes related to the packing symmetry of the
underlying MROs. STZ dynamics simulations show that glasses
containing dissimilar STZs derived from the MROs formmuchmore
diffuse shear bands during deformation as compared to glasses
containing less nanoscale structural heterogeneity. A “precipita-
tion-hardening” effect is observed by introducing these dissimilar
STZs in MGs. Different shear transformation characteristics of the
dissimilar STZs can lead to distinctive “strain-frustration” and thus
different mechanical properties as well, which may be correlated
with the influence of transitions between different MROs due to
thermal/mechanical processes. Extreme statistics analysis suggests
that increasing the amount of MROs may lead to a more damage-
tolerant glass, and the type of MROs may also influence the
ductility. The current work indicates the important role played by
the structural heterogeneity at the MRO-level and suggests a new
scheme to design MGs with intrinsic ductility.
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