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To clarify the critical role of chemical short-range order on the formation of shear bands inmetallic glasses, atom-
istic simulations are performed on Pd82Si18 and Cu50Zr50 with different cooling history. It is found that shear
bands are prone to form in samples with higher level of chemical short-range order. The magnitude of stress
overshoot in shear stress-strain curve and the spatial fluctuation of short-range chemical composition are pro-
posed to characterize shear banding susceptibility and chemical short-range order, respectively. A quantitative
correlation is therefore established between shear banding and chemical short-range order. The microstructural
origin of the correlation is discussed.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
Keywords:
Metallic glasses
Shear bands
Chemical short-range order
Molecular dynamics
In recent years, metallic glasses (MGs) have obtainedmassive atten-
tion due to their exceptional mechanical behaviors comparedwith their
crystalline counterparts [1–4]. However, it is difficult to figure out the
underlyingmechanisms accommodating such uniquemechanical prop-
erties such as outstanding strength, high elastic strain, high elastic en-
ergy storage capacity, and intrinsic size effect due to the disorders of
structure and chemical composition in MGs [5–10]. A recent research
[11] reported that chemical heterogeneity makes cavitation more diffi-
cult in Pd82Si18 than that in Cu54Zr46, resulting in higher toughness of
Pd82Si18. However, how does the disorders of chemical composition in-
fluence the shear band formation in metallic glasses is unclear. As shear
banding is an omnipresent phenomenon inmetallic glasses especially at
low temperature, and high stress or high strain rate conditions [12,13].
Highly localized plastic deformation always occurs in MGs, resulting in
nanoscale shear bands [14,15]. Understanding the mechanism of the
formation of shear bands is of vital importance in the context of mate-
rials science and condensed matter physics.

Many works [16,17] have been done to explore the structural origin
of shear bands in MGs and the common standpoint is that structural
heterogeneity will cause solid-like and liquid-like regions [18–20] in
MGs and these liquid-like regions, with lower atomic packing density,
are more likely to become fertile regions of potential shear-
transformation zones (STZs) [21–23]. Actually, the internal structure
of an MG is inhomogeneous in terms of its variable chemical and topo-
logical short-range order (SRO) at atomic scale. Note that this heteroge-
neity is different from the usual structural heterogeneity on a larger
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length scale, where the heterogeneity is the difference of “liquid-like”
soft spots compared with the solid matrix. Thus, for a structure with
multiple species, it is meaningful to analyze the chemical composition
of the nearest neighbor, i.e., the degree of chemical short-range order
(CSRO) [24]. The key question is whether such CSRO will also affect
the formation of the general shear banding phenomenon. If so, what
the correlation is and how the CSRO influences shear banding in MGs
at atomic-scale.

In the present work, we design molecular dynamics (MD) simula-
tions to gain insights into the relationship between the shear banding
and CSRO in metallic glasses. To simplify simulation and analysis, we
choose two distinct binary MGs for demonstration: one is Cu50Zr50, a
typical metal-metal system in which metallic bonding dominates; and
the other is Pd82Si18, a metal-metalloid alloy with plentiful chemical or-
ders [25]. We introduce two parameters to quantify the shear banding
susceptibility and level of CSRO, and propose a quantitative relationship
between CSRO and the susceptibility of shear bands in glasses.

LAMMPS code [26] is used for the MD simulations. We use the
embedded-atom method (EAM) potential [27] to describe the force
field, which is developed to describe the atomic interactions for
Cu50Zr50 and Pd82Si18 glasses. The samples are firstly melted from
their crystalline phases from 100 K to 2100 K, and then being equili-
brated for 500 ps at 2100 K before quenched into glassy state (100 K)
at different cooling rates of 0.02, 0.2, 2, 20 K/ps for both Cu50Zr50 and
Pd82Si18. The variation in cooling rates is expected to induce different
level of chemical and topological SRO in the glassy structures [28]. The
pressure and temperature are monitored using isothermal-isobaric (N
atom number, P pressure, and T temperature) ensembles [29] and
Nosé-Hoover thermostat [30,31]. Periodic boundary condition is
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adopted for each direction during the sample preparation and shear de-
formation process. The MD time step is 1 fs. Altogether we obtain eight
samples of 162,000 atoms, with dimensions of ~17.5 nm × 11.7 nm
× 11.7 nm of Pd82Si18 and Cu50Zr50, at four different cooling rates. In
the shear deformation, a strain rate of 109 s−1 is applied in the xy
shear protocol at low temperature 100 K, which is believed to facilitate
shear banding in the atomic MG models.

We now present the results of MD shear tests. Firstly, the complete
process from initial structure to shear band formation of Cu50Zr50 and
Pd82Si18 under shear is given in Fig. S1. The color scheme is the local
atomic von Mises shear strain ηMises [17,32]. It is obvious that there
are certain differences in the nucleation and evolution of shear bands
in the two MG samples. Compared with Cu50Zr50, the Pd82Si18 samples
aremore susceptible to shear banding under the same conditions. In ad-
dition, it is revealed from Fig. S1 that the susceptibility of shear banding
decreases with increasing cooling rates, which is consistent with our
previous research [16].

Meanwhile, we present the shear stress-strain curves of the two
MGs in four different cooling rates; see Fig. 1(b) and (c). Both the
peak stress (τpeak) and the flow stress (τflow) levels of Pd82Si18 are
higher than those of Cu50Zr50, which is actually due to the different
chemical bonding characteristics in the two systems. Some previous
works [33,34] have shown that τpeak and τflow have specific physical
meanings, in which τpeak represents the intrinsic impediment to the ini-
tial flow of the MGs or the stress required for rejuvenation [18] under
given loading conditions (i.e., strain rate, temperature, and/or loading
history), while τflow represents the shear resistance of MGs after rejuve-
nation. Thus the difference between τpeak and τflow, Δτ = τpeak − τflow
(called stress overshoot in shear), which is mainly caused by the de-
layed activation of shear transformations due to the lack of free volume
during the process of deformation, reveals the contrast of initial struc-
ture and that after rejuvenation. Thus it is also a measurement of the
strain localization ability. Therefore, here we introduce Δτ = τpeak −
Fig. 1.Analysis of shear stress-strain curves of sampleswith different cooling history. (a) Diagram
stress τflow, and stress overshootΔτ. (b) Shear stress-strain curves of Cu50Zr50 samples with diff
rates. (d) The magnitude of shear stress overshoot, Δτ = τpeak − τflow, as a function of cooling
τflow to quantitatively describe the susceptibility of shear banding in
glasses. Higher Δτ means the system is more susceptible to shear
banding and vice versa. The scheme is demonstrated in Fig. 1(a).

We supplement six MD simulations with more cooling rates to get
more quantitative points between shear banding and stress overshoot.
In Fig. 1(d), the correlation between stress overshoot and cooling rates
is plotted, which suggests that Δτ (or the shear band susceptibility) de-
creases with increasing cooling rates in sample preparation for both
Cu50Zr50 and Pd82Si18 glasses. In addition, the Δτ levels of Pd82Si18 are
higher than those of Cu50Zr50 at the same conditions, which implies
that the shear banding susceptibility of Pd82Si18 is more significant
than Cu50Zr50, which is consistent with the information extracted
from deformation patterns shown in Fig. S1.

Here we explain the aforementioned phenomenon that CSRO plays
an important role on shear banding in MGs. There is significant differ-
ence in the chemical composition and their spatial distribution between
Cu50Zr50, the typical metal-metal glasses, and Pd82Si18, which is a repre-
sentative metal-metalloid system. The nature of chemical bonding is
quite different in Pd82Si18 and Cu50Zr50. In Pd82Si18, Pd\\Pd formmetal-
lic bonds, while Pd\\Si and Si\\Si form covalent or covalent-like bonds.
However, in Cu50Zr50, all of Cu\\Cu, Cu\\Zr and Zr\\Zr form metallic
bonds. Obviously, this significant difference in bonding may result in
different spatial distribution of chemical elements in the two systems.
We count the surrounding chemical environments (including the
nearest neighbor atoms) of all Cu, Zr, Pd and Si atoms in the two sys-
tems. The results, summarized in Table S1, indicate that the distribution
of chemical elements is uneven in both Cu50Zr50 and Pd82Si18. But the
degree of CSRO in Pd82Si18 is more significant than that in Cu50Zr50.
For example, the surrounding chemical environment of Pd atoms is
quite different from Si atoms in Pd82Si18, while this phenomenon is
not such obvious between Cu and Zr atoms in Cu50Zr50.

To clarify the relationship between CSRO and shear banding,we pro-
pose a universal strategy based on the spatial fluctuation of chemical
matic sketch of shear stress-strain curves showing the definition of peak stress τpeak, flow
erent cooling rates. (c) Shear stress-strain curves of Pd82Si18 sampleswith different cooling
rates.
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composition to quantitatively characterize the CSRO of a multi-
component glassy structure. First of all, we define a parameter Xα

i as
the composition fraction of α type atoms around the i-th atom (includ-
ing the i-th atom) to describe the surrounding chemical environment.
Here the cutoff distance of cluster around atom i is chosen to be 3.75
Å, which is corresponding to the position of the first valley in the radial
distribution function (RDF) of the glass. It is therefore the chemical com-
position is coarse-grained in the short-range order. We calculate the
mean of Xαi for all atoms without distinguishing the atom types, i.e., Xα

(XCu, XZr , XPd, XSi) of the two systems under different cooling rates.
The results shown in Fig. 2(a) and (b) indicate that all the Xαs deviate
from the macroscopic composition in both Cu50Zr50 and Pd82Si18 MGs.
It means that CSRO is an intrinsic nature of MGs. The samples with
high level of deviation in chemical composition are related to slow
cooling rates. Therefore, well-aged glasses are usually corresponding
to high level of CSRO.We further use the parameterXα to quantitatively
characterize the CSRO in an advanced form,

χ ¼ 1
n

Xn
α

Xα−X0
α

���
���=X0

α: ð1Þ

Eq. (1) determines the degree of CSRO in a glass system, where χ is
the parameter of CSRO, n is the number of element types (here n = 2),
and Xα

0 is themacroscopic composition ofα element. Obviously, the pa-
rameter χ is a dimensionless parameter that can quantify the degree of
dispersion of the distribution of chemical elements in MGs. It can be
used in the comparison between different systems and the same sys-
tems prepared with different cooling rates. Larger χ of a system
means higher level of CSRO.

As for our binary metallic glasses, n=2, and the expression of CSRO
is expanded as (taking Pd82Si18 as an example)

χ ¼ 1
2

XPd−X0
Pd

���
���=X0

Pd þ XSi−X0
Si

���
���=X0

Si

h i
: ð2Þ
Fig. 2. Correlation between CSRO and shear banding susceptibility. (a) The correlation betwee
between Xpd/XSi and cooling rates in Pd82Si18. (c) The parameter χ, characterizing CSRO of
(CSRO) and Δτ (susceptibility of shear bands) in the two systems.
In this way, the CSRO as a function of cooling rates is plotted in Fig. 2
(c) for both Pd82Si18 and Cu50Zr50, respectively. It indicates that CSRO of
a system decreases with increasing cooling rates. In addition, the corre-
lation between CSRO (characterized by the value of χ) and susceptibil-
ity of shear bands (showing byΔτ) is plotted in Fig. 2(d). On onehand, it
clearly leads to a main conclusion that shear banding susceptibility in-
creases with increasing level of CSRO in both Pd82Si18 and Cu50Zr50 sys-
tem. On the other hand, for different systems, Pd82Si18 is of higher level
of CSRO and consequently has larger stress overshoot, which denotes
higher shear banding susceptibility. It is therefore we conclude that
CSRO is one of the main causes behind the shear banding of glasses.

It is seen that the surrounding environments of Pd and Si atoms are
quite different from each other in the Pd82Si18 system. As a result, the
key question is that what the correlation between CSRO and atomic
structure is, since in the common sense the latter directly determines
the mechanical properties in MGs [35,36]. To further describe the local
structural features, we focus on the nearest-neighbor CN and the dom-
inating clusters characterized by the Voronoi index [37,38]. Several fea-
tures are noticed from Fig. S2(a)–(f). (i) The distribution of CN of Pd-
centered clusters and Si-centered clusters in Pd82Si18 is more discrete
than that of Cu50Zr50. (ii) The packing structures around Cu and Si
atoms have more dominating characteristic Voronoi index when com-
pared with Zr and Pd atoms. (iii) Cu-centered clusters in Cu50Zr50 and
Si-centered clusters in Pd82Si18 are more regular and dominated by a
characteristic type of Kasper polyhedron [24,39] like ⟨0,0,12,0⟩,
⟨0,2,8,2⟩ etc. Obviously, all the three phenomena are related to the
chemical components and thus we can draw a conclusion that CSRO
goes hand-in-hand with topological short-range order (TSRO) in amor-
phous alloys. Indeed, when CSRO increases, there is concurrent topolog-
ical ordering going on. It could be the hidden rule underlying the
mechanical properties like shear banding in metallic glasses.

Moreover, it is clear that the difference between Cu-centered clus-
ters and Zr-centered clusters is quite smaller than that of Pd and Si,
which is consistent with the diversity of CSRO. In Pd82Si18, Pd atoms
mainly form Pd\\Pd metallic bonds with surrounding Pd atoms, while
Si atoms tend to form Pd\\Si covalent bonds with surrounding Pd
n the local atomic environment XCu/XZr and cooling rates in Cu50Zr50. (b) The correlation
MGs, as a function of cooling rates in the two systems. (d) The relationship between χ



Fig. 3. The role of CSRO in the formation of shear bands. (a) and (b) The chemical compositions of the specified atoms with pronounced atomic strain, ηMises ≥ 0.25, for Cu50Zr50 and
Pd82Si18. The shown fragments of the stress-strain curves include the critical yielding processes, as shown in Fig. 1. (c) Spatially heterogeneous distribution of XPd

i in the initial structure
of Pd82Si18. (d) Atomic strain field of Pd82Si18 when shear band forms at shear strain of γ = 0.15. The circles A, B, C and D label the same regions in (c) and (d). A slice of 3.75 Å along
the z direction is coarse-grained for the plot.
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atoms according to the data listed in Table S1. Thus Si-centered clusters,
as shown in Fig. S2(f), are more regular, denser, and more resistant to
deformation than Pd-centered clusters; while this difference is not
that significant in Cu50Zr50. Thus we expect STZs activation would initi-
ate from Pd-rich regions, making the formation of shear bands strongly
depends on CSRO. However, there would be no such obvious chemical
trend in Cu50Zr50. This expectation is confirmed by our analysis of acti-
vated atoms. We trace the specified atoms which have undergone a
large deformation (ηMises ≥ 0.25) and analyze the composition of the
traced atoms for both Cu50Zr50 and Pd82Si18, as shown in Fig. 3(a) and
(b). In particular, the fraction of Pd atoms in the traced atoms is nearly
100% before t = 140 ps (the moment when the shear band is about to
form) and then begin to fluctuate. Then with the STZs percolation and
shear band formation, the fraction of Pd atoms gradually tends to the
value of the macroscopic fraction marked as the dashed line in Fig. 3
(b). In contrast, there is no clear trend to show which type of atom
bears more atomic strain in Cu50Zr50; see Fig. 3(a).

In order to intuitively reflect the dependence of shear bands on CSRO
and further prove our speculations, the spatially heterogeneous distri-
bution of XPd

i in the initial structure of Pd82Si18 and the strain filed
when the shear band forms are given in Fig. 3(c) and (d). Obviously,
the formation of shear bands is affected by the distribution of the initial
XPd

i content of the sample. In the initial sample, the distribution of XPdi is
quite inhomogeneous. During the shear process, STZs are more likely to
be activated in the higher XPdi regions (related to Pd-rich region) like the
circled regions labeled by marks A, B, C and D in Fig. 3(c). As deforma-
tion goes on, shear localization is gradually accumulated in these re-
gions and eventually form shear bands through the whole sample as
shown in Fig. 3(d).
In conclusion, MD simulations and atomic structure analysis reveal
that CSRO promotes shear banding susceptibility of metallic glasses.
The Pd82Si18 system, with higher level of CSRO is more likely to form
shear bands in contrast with Cu50Zr50, which has less CSRO. In addition,
STZs activationwould initiate from the Pd-rich regionswhichmakes the
formation of shear bands strongly dependent on CSRO while there
would be no such obvious chemical trend in Cu50Zr50. Last but not
least, the effect of CSRO on shear banding in metallic glasses goes
hand-in-handwith the influence of TSRO. Due to CSRO, the surrounding
structural environment and dominant polyhedron centered on Pd
atoms are quite different from those of Si atoms. Thus Si-centered clus-
ters are more regular, denser, more stable and more resistant to defor-
mation than Pd-centered clusters. This is the structural explanation
that how CSRO promotes the susceptibility of shear banding in metallic
glasses.
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