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Structural Signature of Plastic Deformation in Metallic Glasses
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The structure feature of a model CuZr metallic glass during deformation is investigated by molecular
dynamics simulations. A spatially heterogeneous irreversible rearrangement is observed in terms of
nonaffine displacement. We find that regions with smaller nonaffine displacement have more Voronoi
pentagons, while in those with larger nonaffine displacement other types of faces are more populated. We
use the degree of local fivefold symmetry (LFFS) as the structural indicator to predict plastic deformation
of local structures and find that the plastic events prefer to be initiated in regions with a lower degree of
LFFS and propagate toward regions with a higher degree of LFFS.
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In amorphous solids, it is crucial to find a good indicator
parameter to establish the structure-properties correlation.
For instance, the dynamical indicator of the Debye-Waller
factor has been quite successful for predicting the relative
long-time dynamical heterogeneity and irreversible ar-
rangement in glass-forming liquids [1]. Because of the
lack of an a priori structural indicator such as the disloca-
tion in crystalline counterparts, it is difficult to define a
local geometric parameter as energy dissipative units for
understanding the microscopic plastic deformation mecha-
nism in metallic glasses (MGs) [2-5]. While the theory of
shear transformation zone (STZ) has been proposed to
explain the deformation mechanism [6-8], it did not pro-
vide any information on the specific structural feature
accounting for plastic domains in disorder solids. Free
volume and local potential energy proposed as structure
indicators [9—12] have been demonstrated to be unable to
provide a clear structure picture of the atomic symmetry or
chemical ordering of local environments, either [12].

Because the icosahedral short-range order (ISRO) in
MGs has a special atomic arrangement and a close relation
with glass-forming ability (GFA) and mechanical proper-
ties [11-16], it is also adopted as a structural indicator for
the fundamental process underlying structural relaxation
[12]. However, in some MGs the ISRO is absent [17]. On
the other hand, a perfect icosahedral cluster and a distorted
one may exhibit different mechanical behaviors, due to the
different atomic symmetry or local packing. Therefore, in
addition to ISRO, atomic symmetry may be a more general
concept in glass-forming alloys in which both local five-
fold and translational symmetries are present [18,19]. So
far, NMR experiments have shown that local cluster sym-
metry plays an important role in GFA of MGs [20].
Molecular dynamics (MD) studies also found the unique
behavior of the Voronoi pentagons during the quenching
process [21]. These imply that the degree of the local
fivefold symmetry (LFFS) is crucial for the understanding
of structural relaxation and mechanical properties in MGs.
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In this Letter, we performed MD simulation studies with
the LAMMPS code [22] and used the degree of LFFS as the
structural indicator to identify and characterize plastic
deformation in MGs. The fraction of pentagons in each
local cluster was adopted to quantify the degree of LFFS.
We find that plastic deformation starts from regions with a
lower degree of LFFS, but spreads out toward regions with
a higher degree of LFFS during deformation. The results
show that the degree of LFFS in local structures is a key
factor of controlling mechanical properties, and has impli-
cations for the atomistic scale understanding of the
formation of STZ and shear bands as well as plastic
deformation in MGs.

In our MD simulations, the model system of CusyZrs
MG was chosen with a realistic embedded-atom method
potential [23]. The system contains 40000 atoms with
periodic boundary conditions. In the process of sample
preparation, it was first melted and equilibrated at 7 =
2000 K, then cooled down to 300 K with a cooling rate of
1.0 X 108 K/s, during which the cell size was adjusted to
give zero pressure in the NPT ensemble. After that, com-
pressive deformation was applied along the Y axis with a
strain rate of 0.25/ns at T = 300 K and the period bound-
ary conditions on three dimensions. After each compres-
sion of 0.111 A, the structure was relaxed for 10 ps (5000
MD steps). The local irreversible rearrangement of atomic
configuration is evaluated by the nonaffine displacement of
the central atom i relative to its neighbor atoms j [7]:

D} = ¢ S0 = 1) = 8t + A) — 7t + AP,
J

where N is the number of the nearest neighbors of atom i
determined by Voronoi analysis, 7;(¢) is the position of
atom i at time ¢, At is the time interval for the plastic
rearrangement, and & is the maximum local elastic strain
tensor [7]. Here we set At = 10 ps.
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Figure 1 illustrates the nonaffine displacement D? each
atom experiences under compressive deformation in
CusyZrsy MG. The regions with larger D> are highly
localized, and the structure response to the deformation
is inhomogeneous. This implies that the local structural
environments of the system and the corresponding plastic
rearrangement are quite different for strain localization. As
strain increases, regions with larger D? expand as shown in
Fig. 1(b). This indicates that the initial glass structures
determine the positions of strain localization, and strain
localized regions are expanded with strain increasing.

To analyze the local structure feature, the Voronoi tes-
sellation method was employed. It can identify the number
of i-edged (i = 3,4,5,6,...) faces n; in a polyhedron by
the Voronoi index (ns3, ny, ns, ng, ...). An i-edged face
reflects the local symmetry of the central atom with some
nearest-neighbor atoms in a certain direction. The triangle,
tetragon, and hexagon faces have the local translational
symmetry feature, while pentagon faces reflect the LFFS
(e.g., an icosahedral polyhedron consists of 12 pentagon
faces) [18,19,21]. A drastic increase of the fraction of
pentagons in contrast to other type faces in glass transition
has been found [21]. It is intriguing to know how the plastic
deformation correlates with these types of faces. Here we
use the fraction of the number of pentagons and the number
of the nearest-neighbor atoms to define the degree of LFFS
in local structures as ds = ns/> .n;.

Figure 2(a) shows the correlation between the nonaffine
displacement D? and the degree of LFFS ds in Voronoi
clusters. It is shown that D? decreases as ds increases in
local structures. This indicates that the regions with a lower
degree of LFFS can be easily deformed, and the plastic
deformation is more difficult to occur in those regions with
a higher degree of LFFS. In contrast to the pentagons, the
nonaffine displacements become bigger as the fraction of
triangle, tetragon, or hexagon faces increases in Voronoi
clusters. Therefore, the results show that the nonaffine
displacement often takes place in the regions with a higher
degree of local translational symmetry, or a lower degree of
LFFS. The higher the degree of LFES, the lower the non-
affine displacement is in these regions. Icosahedral clusters
would have the lowest probability to arise the irreversible
rearrangement around such local environments. These
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FIG. 1 (color online). Atomistic configurations of the nonaf-
fine displacement of D? illustrated by colors at the strain of 5%
when At = 10 ps (a) and Az = 40 ps (b).

findings are consistent with previous simulation results
[21,24]. From the above analysis, we can see that the
degree of LFFS as a structural indicator in MGs can simply
capture the structural features responding to plastic
deformation.

According to the definition of ds, the Voronoi clusters
will have the same ds if the indices are the same. However,
their mechanical behavior may be different due to the
different atomic packing of local environments, such as a
perfect icosahedral cluster and a distorted one. To examine
the packing effect on plastic deformation, the common-
neighbor analysis was performed, which can get the infor-
mation of both atomic symmetry and local packing [19].
Figure 2(b) shows the correlation between nonaffine dis-
placement and major common-neighbor types. For sim-
plicity, instead of four indices, here we use three indices to
identify the common-neighbor types. The first index de-
notes two nearest-neighbor atoms determined by the above
Voronoi analysis, i.e., the root pair. The second one repre-
sents the number of nearest neighbors shared by the root
pair, i.e., common neighbors. The third index denotes the
number of bonds formed among the common nearest-
neighbor atoms. Here we typically took the first minimum
of the partial pair correlation functions as the distance
cutoff to determine whether a bond is formed between
two common atoms. The 155 index represents a fivefold
ring of common neighbors with all nearest neighbors
bonded. 154 or 153 corresponds to the fivefold rings with
one or two bonds broken because the distance between
them is beyond the cutoff. The types of 166, 165, 144, and
142 are represented in the bulk bcc, fcc, and hep crystals,
respectively [19]. Therefore, we can obtain the information
of both the local atomic symmetry and the way of atomic
packing. As shown in Fig. 2(b), local structures with all
bonded fivefold rings are the most difficult to be deformed
compared to others. However, if the all bonded rings are
distorted, some common-neighbor atoms are packed less
densely and a few bonds may be broken. The local struc-
tures become unstable and easily deformed, and more
severely distorted local structures can afford larger plastic
deformation as shown in Fig. 2(b). This implies that the
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FIG. 2 (color online). (a) The correlation between the non-
affine displacements and the fraction of i-edged faces in poly-
hedra. (b) The correlation of the nonaffine displacements with
the common-neighbor types and their fractions.
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packing of local structures significantly influences plastic
deformation. Although local structures with distorted
fivefold rings can be easily deformed, plastic deformation
is still much more easily triggered and propagates in
regions with a lower degree of LFFS, because the total
population of the 154 and 153 is much lower than that of
166, 165, 144, 143, and 142.

Next, we investigate how plastic events propagate dur-
ing deformation, which is closely related to the mechanical
properties of MGs [5]. We chose a critical value of D2 (e.g.,
0.2) to justify whether a local structure experiences a
plastic deformation (D?> > D?) or not (D? < D?). With
this threshold, we can examine how many plastically de-
formed local structures are emerging in the time intervals
of (t,t + iAt,i =1,2,3,...), and then examine the struc-
tural properties of the newly deformed local structures in
the time intervals and analyze the propagation trends of the
plastic events during deformation. As shown in Fig. 3(a),
with strain increasing, the plastic events take place gradu-
ally from regions with a lower degree of LFFS toward
those with a relatively higher degree of LFFS. This indi-
cates that in the short time interval, plastic events tend to
take place in regions with a lower degree of LFFS.
However, in longer time intervals, they become saturated
in those regions, and have to propagate to regions with a
higher degree of LFFS. Figure 3(a) also shows that the
different choices of D2 do not affect the general propaga-
tion trend of plastic events and similar results are obtained.
However, as D? increases, the average degree of LFFS dj
decreases. This also implies that the larger plastic events
tend to occur and propagate in regions with a lower degree
of LFFS.

Figure 3(b) shows the distribution of the average degree
of LFFS ds with the nonaffine displacement D?. It is clear
that for smaller and moderate D?, the averaged ds is
relatively higher, and decreases exponentially as D? in-
creases. For larger D?, however, averaged ds is almost not
changed with it. This indicates that at the early stage of
deformation, local structures respond to it accordingly,
lowering the degree of LFES in them. As they are deformed
to some extent, local structures reach a saturated situation
in which the degree of LFFS cannot be reduced anymore.
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FIG. 3 (color online). (a) The variation of the average ds with
strain; (b) the distribution of the average ds with the nonaffine
displacement.

Further deformation will be transformed into the less
deformed regions where the degree of LFFS is relatively
higher as illustrated in Fig. 3(a).

We also compare the structural indicator of the degree of
LFFS and the spatial distribution of plastic events as shown
in Fig. 4. The black points represent the atoms having a
higher degree of LFES in a structural configuration. The
red (dark gray) areas are the mostly deformed regions that
emerged in the time interval of 40 ps, while the blue (light
gray) areas present the less deformed regions. As shown in
Fig. 4, the atomic irreversible rearrangement during defor-
mation tries to avoid local structures having a higher
degree of LFFES, preferring to occur in regions with a lower
degree of LFFS. We note that this is not absolute, and a few
irreversible rearrangements also occur in regions with a
higher degree of LFFS as shown in Fig. 4. This is consistent
with the above analysis, local structures with the same
degree of LFFS exhibiting different mechanical behavior,
because of the different atomic packing in local environ-
ments. Statistically, however, regions with a lower degree
of LFEFS still play an essential role in the potential plastic
deformation zones in MGs, and the regions with a higher
degree of LFFS play the role of preventing the propagation
of the plastic events during deformation.

To understand how local atomic symmetry correlates
with the macroscopic quantities such as yield stress, we
investigated the structural features and measured the yield
stress of samples obtained with different cooling rates. It is
found that the degree of LFFES increases as the cooling rate
decreases, as shown in Fig. 5, which is consistent with
previous studies [24]. The results indicate that the higher
the degree of LFFS a metallic glass structure contains, the
higher the yield stress of the structure. Therefore, the
increase of the degree of LFFS may lead to the increase
of the yield stress of MGs.

It should be noted that purely localized parameters such
as potential energy and free volume cannot describe well

FIG. 4 (color online). Correlation between the structures hav-
ing a higher degree of LFFS and the irreversible rearrangement
during deformation. The slice in the middle of the samples along
Z direction with thickness of the first minimum of the pair
correlation function was taken for the illustration. Black points
denote the atoms having a higher degree of LFFS (ds = 0.5) at
the strain of (a) 5% and (b) 10%. The colors represent values of
D? with At = 40 ps.
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FIG. 5 (color online). Correlation between the yield stress and
averaged ds measured with different cooling rates (CR).

the irreversible rearrangement events in MGs [9-12]. For
the structural indicator of the degree of LFFS, however, it
reflects specific atomic symmetry and local packing in
local structural environments. In fact, the structural indi-
cator of the degree of LFFS has included the information of
potential energy and free volume. It is shown that the
pentagons have low potential energy which contributes to
local structural stability [21]. Meanwhile, the free volume
decreases as the fraction of pentagons increases [21], in-
dicating the structural configuration of pentagons is packed
more densely. According to our analysis, the regions with a
higher degree of LFFS and less free volumes are harder,
while regions with more local translational symmetry and
more free volumes are softer. The corresponding hard and
soft zones have been observed in plastic MGs [25]. On the
other hand, the strain localized regions shown in Fig. 1
should correspond to the STZs based on the STZ model
[7]. Therefore, STZs could be initially formed in regions
with a lower degree of LFFS, and propagate to regions with
a relatively higher degree of LFFS. We also investigated
the correlation between local atomic stress [26] and the
degree of LFFS; no explicit correlation was found.

We note that the order of LFFS is inhomogeneous.
Previous studies show that structures containing a higher
degree of LFFS tend to form a stringlike order, which
makes the structures of MGs inhomogeneous [15]. The
heterogeneity of the local atomic symmetry may lead to
the heterogeneity of the mechanical response as shown in
Fig. 1, and guide the propagation of the plastic events.
During deformation, the structures of MGs evolve from the
local fivefold symmetry to the local translational symme-
try, becoming more homogeneous.

In conclusion, we demonstrate that a structural indicator
of the degree of LFFS can be used to characterize the
mechanical properties of MGs. The structures with a
lower degree of LFFS can accommodate larger plastic

deformation, and the irreversible rearrangement is more
difficult to be induced in regions with a higher degree of
LFES. On the other hand, the plastic events propagate in
regions with a lower degree of LFFS, and expand toward
regions with a higher degree of LFFS as strain is increas-
ing. The heterogeneity of the local atomic symmetry leads
to the inhomogeneous plastic deformation in MGs.
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