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Abstract

Molecular dynamics simulations and dynamic mechanical analysis experiments were employed to investigate the mechanical behavior
of metallic glasses subjected to iteration deformation in a nominally elastic region. It was found that cyclic deformation leads to the for-
mation of irreversible shear transformation zones (STZs) and a permanent uniform strain. The initiation of STZs is directly correlated
with the atomic heterogeneity of the metallic glass and the accumulated permanent strain has a linear relation with the number of STZs.
This study reveals a new deformation mode and offers insights into the atomic mechanisms of STZ formation and low temperature uni-
form plastic deformation of metallic glasses.
� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

It was reported a long time ago that low temperature plas-
tic deformation of metallic glasses is solely accomplished by
spatially localized shear bands [1–9]. Surprisingly, recent
experimental observations suggest that uniform plastic
deformation of metallic glasses can occur at room tempera-
ture when the sample size as small as hundreds of nanome-
ters or in bulk samples subjected to long-term elastostatic
compression [10–14]. Several suggestions have been pro-
posed to explain the unusual deformation behavior, such
as deformation-induced structure disorder [13,14] and
atomistic free zones [15]. Since uniform plastic deformation
usually requires the activation and cooperation of a large
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number of atoms and atomic-scale defects by either diffu-
sion-controlled creep or rate-related viscous flow [4], both
of which only take place at high temperatures, the underly-
ing mechanisms of low temperature uniform plastic defor-
mation of metallic glasses remain a mystery.

Limited by a low atomic mobility and kinetic energy, the
stress-driven mechanical instability of metallic glasses at
room temperature is usually associated with spatially heter-
ogeneous shear transformation zones (STZs). Once the
applied stress is high enough to activate a critical number
of STZs that are interconnected to form an incipient zone,
a localized shear band will form, leading to macroscopic
yielding, plastic deformation and failure of the metallic
glass [3–5]. Therefore, understanding the formation of
STZs in uniformly deformed samples may provide essential
clues to the atomistic mechanism of low temperature uni-
form plasticity of metallic glasses. In this study we
employed a quantitative computational method as well as
rights reserved.
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dynamic mechanical analysis (DMA) to investigate the cyc-
lic shear deformation of a chemically heterogeneous
Cu45Zr45Ag10 metallic glass, which reveals the inherent
correlation between structure-related STZ formation and
uniform plastic deformation of metallic glasses.
Fig. 1. (a) MD simulation of the shear stress vs. time relation of a
Cu45Zr45Ag10 glass with 128,000 atoms. The shear rate _cxy is 10�3 ps�1. (b)
Atomic configurations and local shear strain maps corresponding to
marked numbers in (a). The initial atomic configuration is at 1, where
yellow, red, and black balls represent Cu, Zr, and Ag atoms, respectively.
The local shear strain, indicated by the colored scale bar, is visualized in
maps 2–6. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
2. Simulation technique and experimental details

2.1. Molecular dynamics simulations

We utilized the LAMMPS molecular dynamics (MD)
package [16] to simulate cyclic shearing of a Cu45Zr45Ag10

(at.%) metallic glass. The many-body potentials of the Cu–
Zr–Ag system used in the calculations were developed
using the embedded atom method (EAM) [17] and were
optimized in our previous study [18,19] (the file with the
EAM potential is available at: http://sites.google.com/a/
gmu.edu/eam-potential-database/). More technical details
on the optimization of EAM potentials have been
described elsewhere [17,20]. MD calculations were per-
formed in the NPT ensemble (i.e. a constant number of
particles, constant pressure, and constant temperature,
P = 0) with 128,000 atoms under periodic boundary condi-
tions. The systems underwent melting at 2000 K for 0.1 ns
(with a time step of 5 fs) and then were cooled from 2000
down to 100 K at a cooling rate of �2 � 1011 and
�2 � 1010 K s�1. A Nose/Hoover thermostat was applied
to control the temperature. The final dimensions of the
glassy samples at 100 K were 13.2 � 13.2 � 13.2 nm.
Mechanical shear was applied with a time step of 2 fs at
a constant shearing rate ( _cxy) of 10�3 or 10�5 ps�1 at a con-
stant temperature of 100 K. Periodic boundary conditions
were applied to the sample during the shearing process to
eliminate surface effects. The applied stress was calculated
from the xy tensor component with respect to the entire
system.
2.2. Cycling tensile experiments

Glassy ribbons with the nominal composition Cu45Z-
r45Ag10, the same as the MD simulated alloy, were pre-
pared by a melt spinning method at a cooling rate of
105–106 K s�1. The amorphous nature of the as-prepared
samples was verified by XRD diffraction and transmis-
sion electron microscopy. Cyclic tensile experiments with
the glassy ribbons were conducted using a dynamic
mechanical analysis (DMA) system (TA Instruments Q-
800) at room temperature. The maximum loading stress
was �800 MPa, which is approximately 70% of the mac-
roscopic yield strength. The loading rate of the cycling
loading and unloading was 142 MPa min�1 for each
cycle. The test samples were characterized by scanning
electron microscopy (JEOL JIB-4600F) at high
magnification.
3. Results

3.1. MD simulation of shear deformation

The shear stress vs. time curve of a single shear deforma-
tion from the MD simulation is shown in Fig. 1a. The stress
increases monotonically, reaches the yield point and then
decreases slightly for subsequent steady flow. During the
shear deformation, the local shear strain gvon Mises, refer-
enced to the initial atom positions prior to loading [21],
was monitored. Fig. 1b shows the initial atomic configura-
tion (point 1 in Fig. 1a), as well as gvon Mises maps corre-
sponding to points 2–6 marked in the shear stress vs. time
curve. The initial atomic structure of the glass, as previously
characterized [18,19], consists of a large number of interpen-
etrating clusters with interdigitating Ag atomic chains. In
this study the Ag chains serve as internal marks to inspect
the atomic processes of heterogeneous deformation. During
loading in the nominal elastic regions the number of STZs
with significant strain localization increases with applied
stress. At the yield point (3) the accumulated STZs link
together to form 1–2 nm incipient zones that eventually
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Fig. 2. MD simulation of (a) the stress–time relation of the elastic iterations (only the first 17 cycles are shown here) at _cxy ¼ 10�3 ps�1 and (b) a plot of
residual strain De vs. iteration number. (c) Stress–imposed strain relationship for the first two cycles with different shear rates for comparison, which
indicates a weak shear rate dependence. (d) Stress–imposed strain relationship for the first two cycles using two atomic configurations from the different
cooling rates for comparison, which indicates a weak cooling rate dependence on initial atomic configuration. _cxy ¼ 10�3 ps�1.
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evolve as a single shear band during further deformation (4–
6). The transition from elastic deformation to localized plas-
tic deformation is consistent with previous MD simulations
reported in the literature [22–25].

3.2. MD simulation of elastic shear iteration

In this study the focus is on the nominal elastic region
prior to the macroscopic yield point to reveal the relation-
ship between low temperature uniform plastic deformation
and the evolution of inherent atomic structure using a cyclic
shear deformation scheme as shown in Fig. 2a. The total
shear strain is increased by shearing the sample with an
applied shear stress of up to 70% of the yield strength, and
then gradually returns to the initial condition with 0% shear
strain. We performed a total of 100 iterations of shear defor-
mation with a constant stress amplitude and shear rate. As
the number of iterations increases both the peak and valley
stress levels decrease slightly, leading to residual plastic
deformation under zero stress conditions. It can be seen that
an obvious decrease in stress takes place in the first five
cycles, which gradually becomes insignificant, as denoted
by the arrows in Fig. 2a. We estimated the residual perma-
nent strain De at zero stress of each cycle. De is mainly
produced within the first 10 iterations and then slowly
increases to a maximum of �3.5 � 10�3 (0.35%) up to 100
iterations (Fig. 2b). We also conducted a simulation at a
low shear rate of 10�5 ps�1 and found that the residual plas-
tic strain has only a weak dependence on deformation rate
(Fig. 2c). Moreover, a similar residual strain was observed
in the sample produced at a low cooling rate of
�2 � 1010 K s�1 (Fig. 2d). It is worth noting that the applied
stress of 70% of the yield strength appears to be the threshold
value for detectable plastic strain induced by elastic shear
iteration. When the stress level is below the threshold the
residual strain is too small to be detected.

3.3. DMA cycling experiments

To confirm the MD predictions for low temperature uni-
form deformation of metallic glasses we conducted cyclic
tensile experiments on the Cu45Zr45Ag10 glass with a maxi-
mum stress of �70% of the yield strength. Fig. 3a and b
shows stress vs. time and strain vs. time curves for the
DMA cycling tests. At a constant stress amplitude detect-
able plastic deformation can be observed in the strain–time
plot. Slightly differently from the MD simulation, most
residual uniform plastic strain (�0.2%) was achieved in the
first cycle, reaching a maximum of�0.23% in the eighteenth
cycle and then remaining nearly constant up to the two hun-
dredth cycle. This disparity in deformation time may be due
to the much slower deformation rate in the DMA experi-
ment compared with the MD simulation. Interestingly, the
experimental residual strain is comparable with the value



Fig. 3. DMA experiment (a) stress–time and (b) strain–time curves. In the
DMA test the residual strain of �0.2% can be observed during the first
cycle, which increases up to 0.23% during the eighteenth cycle.
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(0.35%) predicted by our MD simulation. The small
difference may result from the differences in cooling rate,
deformation rate and loading conditions (shear in the
simulation and tension in the experiment). Moreover, shear
bands can not be found in the tested ribbon samples on
careful SEM characterization.

4. Discussion

To understand the atomic mechanisms of low tempera-
ture uniform deformation we calculated a series of
gvon Mises maps at the start points of each shearing cycle
and monitored the evolution of the gvon Mises distribution
on the xy plane (see Supplementary movie). It can be
observed that some regions with a volume of �1 nm3 show
much higher shear strains than the matrix, and the local
strain shows no change during subsequent iterations once
generated, although the maximum stress is still macroscop-
ically elastic. These regions correspond to irreversible
STZs. Accompanying the shear cycling the number of
STZs, defined by gvon Mises values greater than a critical
shear strain (0.0267) determined from a scaling analysis
[26], gradually increases, with most STZs formed within
the first 10 cycles (Fig. 4a). The residual strain has a linear
relation with the number of STZs (Fig. 4b), indicating that
uniform permanent deformation is intrinsically correlated
with STZ formation. In general macroscopic plastic defor-
mation requires long-range displacement of constituent
atoms by various deformation modes, such as dislocations
in crystals and shear bands in glasses. However, the local
strain distribution (the inset of Fig. 4a) shows that individ-
ual STZs are isolated by the elastic matrix and long-range
deformation zones characterized by the percolation or
interconnection of STZs cannot be found. Therefore, the
permanent deformation during shear iterations is caused
by irreversible STZs, not by any long-range deformation,
such as shear bands and long-range atom migration.

To explore the atomic origins of STZ formation and
thereby uniform plastic deformation we investigated the
correlation between local strain and the inherent atomic
structure of the metallic glass. We plotted the correlation
between local strain and the inherent atomic structure of
Cu-centered polyhedra coordinated with Ag atoms
(Fig. 4c). The fraction of full icosahedra with Voronoi
index h0,0,12,0i reduces with an increase in coordinated
Ag atoms. The Ag-depleted regions have stronger shear
resistance, whereas the Ag-rich regions yield larger local
strains. Therefore, the heterogeneous Ag distribution
intrinsically affects the formation of STZs: the Ag-rich
regions with looser atomic packing [18,19] have weaker
shear resistance to the initiation of STZs.

We inspected the atomic structure evolution of the sam-
ples with low applied stresses of 12–50% of the macro-
scopic yield strength. Even at 12% applied shear stress
STZs can be observed at the first iteration. However, the
total number remains nearly constant during the iteration
experiments (Fig. 5a). The small number of STZs in those
samples can only give rise to very limited residual plastic
strain. The structural propensity for the formation of STZs
at low stress levels was investigated in the same way as
shown in Fig. 4c. The correlation between local strain
and inherent atomic structure is actually the same as at
high stress levels (Fig. 5b). This result further suggests that
the STZs have a certain critical threshold point arising
from the characteristics of local atomic structure in the
potential energy landscape.

In our MD simulations the loading rate is much larger
than that in the DMA experiments because of the inherent
limitations of computational models. Therefore, the differ-
ence in plastic strain between the simulation and experi-
ment, as shown in Figs. 2b and 3b, mainly arises from
the different timescales. The fast MD loading requires more
cycles to accumulate a comparable strain to that achieved
in the slow DMA experiment. However, the maximum
residual plastic strain appears to solely depend on the
applied stress. The similar values of residual strain
(0.23% for MD and 0.35% for DMA) indicate that the
underlying mechanisms of plastic deformation should be
the same. Moreover, the residual plastic strain achieved
by elastic iteration in this study is comparable with those
values reported in static experiments at similar stress levels
[13,14], indicating that the micromechanisms revealed by
this study may be common for all elastic deformation-
induced residual plasticity in metallic glasses, including
elastostatic compression [27].



Fig. 4. (a) A plot of STZ number vs. the number of iteration cycles. (Inset) Three-dimensional map of gvon Mise after the one hundredth iteration. The
local strain is indicated using the colored scale bar. (b) The relation between STZ number and residual strain. The dotted line represents a least squares
fitting. (c) A local strain diagram of Cu atoms after the one hundredth iteration. The fraction of the icosahedral cluster and the average number of
coordinated Ag atoms for Cu atoms are counted in 20 groups with different stains. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. (a) A plot of STZ number vs. the number of iteration cycles with different percentages of applied stress relative to the macroscopic yielding stress.
(b) A local strain diagram of the Cu atoms after the twentieth iteration of 12% applied stress. The fraction of the icosahedral cluster and the average
number of coordinated Ag atoms for the Cu atoms are counted in 20 groups with different stains.
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Fig. 6. Schematic illustration of the uniform deformation process. Before deformation the glassy body comprises an elastic matrix and soft STZ sites.
After elastic loading the shape of the STZs with local permanent strain becomes irreversible. The summing of all local strains from the STZs gives the total
uniform deformation.
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In general the plastic deformation of metallic glasses at
temperatures far below the glass transition point is due to
multiple shear bands [28–30]. However, shear banding
requires the percolation or interconnection of STZs [21],
which was not seen in this study. Based on the atomic scale
analysis, we outline the deformation process in Fig. 6. The
glassy body consists of an elastic matrix and defective
packed domains where the constituent atoms have lower
coordination numbers [31–34]. During elastic loading both
the elastic matrix and defective packed domains follow the
shape change. However, due to the relatively low resistance
of the defective packed domains to shear deformation, they
may deform plastically on passing a certain critical thresh-
old point in the potential energy landscape and become
irreversible STZs. During unloading the elastic matrix
tends to revert to the initial state, whereas the irreversible
STZs cannot fully recover their original shape, leading to
residual elastic stress and strain around the STZs. With
the increase in the number of STZs and the volume fraction
the local elastic strain can spread through the entire sam-
ple, resulting in overall plastic deformation. Since the accu-
mulated plastic strain essentially originates from STZs,
more STZs activated by high stresses and long-term defor-
mation give rise to a larger plastic strain. Since the activa-
tion of STZs essentially depends on the stress, the applied
stresses are the dominant factor in plasticity, while the
cycling/deformation time assists the thermally activated
process of STZ formation. It is interesting to note that this
kind of uniform plastic deformation does not involve any
long-range atomic migration and diffusion. Therefore, the
MD simulation and DMA experiment in this study suggest
a novel homogeneous deformation mode.

5. Summary

In this study we employed MD simulations and DMA to
theoretically and experimentally investigate the low
temperature uniform deformation of a bulk metallic glass
subjected to nominal elastic loading. The key results are
summarized below.
1. Detectable plastic deformation of the bulk metallic
glass can be experimentally and theoretically
achieved at low temperatures by cyclic loading with
a maximum stress well below the macroscopic yield
strength. Importantly, no shear bands could be
observed by either MD simulation or SEM character-
ization, verifying that low temperature plastic strain
is accomplished by a uniform deformation model.

2. Atomic scale characterization by MD simulation
reveals that STZs with much larger local shear
strains than the matrix can be formed at applied
stresses much lower than the macroscopic yield
strength. These STZs are irreversible during subse-
quent cyclic loading once they are generated. There
is strong coupling of the STZs with the structural
and dynamic heterogeneity of the bulk metallic glass.
Relatively looser packing regions with greater atomic
mobility have a lower resistance to the formation of
STZs.

3. Uniform permanent deformation at low tempera-
ture is intrinsically correlated with the STZs. The
residual plastic strain resulting from the irreversible
local strain has a linear relationship with the number
of STZs.

4. The MD simulation and DMA experiment in this
study reveal a homogeneous deformation mode.
Our novel deformation model may aid in under-
standing the low temperature uniform deformation
that has been widely observed in elastostatic com-
pression experiments.
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