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Abstract Nanoindentation simulations on a binary
metallic glass were performed under various strain rates by
using molecular dynamics. The rate-dependent serrated
plastic flow was clearly observed, and the spatiotemporal
behavior of its underlying irreversible atomic rearrange-
ment was probed. Our findings clearly validate that the
serration is a temporally inhomogeneous characteristic of
such rearrangements and not directly dependent on the
resultant shear-banding spatiality. The unique spatiotem-
poral distribution of shear banding during nanoindentation
is highlighted in terms of the potential energy landscape
(PEL) theory.
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Bulk metallic glasses (BMGs), because of their long-range
atomic disorder, deform uniquely [1-4]: the plastic defor-
mation is highly localized into narrow shear bands at room
temperature [5—8]. Under deformation-constrained loading
modes such as compression [9-11] and nanoindentation
[12-19], serrated plastic flow phenomena have been widely
observed and found to be rate-dependent: as strain rate
decreases, the flow serrations become more distinct.
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Moreover, rate-dependent shear-band patterns were
observed on the surfaces or inside the post-deformed
specimens under compression [10] and nanoindentation
[15-17]. Therefore, currently, it is well accepted that the
macroscopic serrated plastic flow behavior is associated
with the shear-banding operations on a nanoscale within
BMGs. Considerable efforts have been made to uncover
the relationship between them. Schuh et al. [13], Schuh and
Nieh [14] and Zhang et al. [18] suggested that the simul-
taneous operations of multiple shear bands at high strain
rate result in the smooth plastic flow; with increasing strain
rate, the deformation mode transits from inhomogeneous to
homogeneous. However, Jiang and Atzmon [15], Greer
et al. [17], and Jang et al. [19] considered that the disap-
pearance of flow serrations at high strain rate arises from
the limitation of data acquisition and the instrumental
response; even at extremely high strain rate, the plastic
deformation is still inhomogeneous. Since these hypotheses
were mainly gained from ex situ experimental observations
on shear-band patterns, the physical origin of rate-depen-
dent serrated plastic flow, even if well accepted as a
temporal event or process behavior [10, 11, 15], is still not
well grounded.

Very recently, infrared camera technique has been used
for in situ observing dynamic shear banding operations in
the study of the serrated plastic flow during compression by
Jiang et al. [10]. Based on the information from experi-
mental observations, they conjectured a spatiotemporal
picture of shear-banding during serrated flow, and further
explained the inhomogeneous deformation during the
indentation [10]. However, as they pointed out the propa-
gation of a shear band is very fast; hence only mature shear
bands can be captured [10], not to mention the fine shear-
banding events on atomic scale. In addition, during
indentation, since the shear bands develop underneath
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indenter, direct observation in situ on them is very difficult,
even impossible. The molecular dynamics (MD) simulation
is generally believed to be an effective way in modeling
various indentation processes [20-22], providing an in situ
observation on atomic motions. In this aspect, remarkable
progress has been made by Falk, Langer, Shi et al. [20-23]
by developing Argon’s shear transformation zone (STZ)
concept [2]. They found that the load-drop events in a load-
displacement curve, i.e., serrated plastic flow, correspond
closely to the bursts in deformation activity (irreversible
atomic rearrangement) associated with shear bands [21].
Spatially, the suppression of wing-like shear bands of post-
deformed specimen at higher strain rate leads to milder
serrations [22]. However, how do the strain rates affect this
inherent correlation between serrations and atomic rear-
rangements? How does the temporal behavior of such
rearrangements produce the final shear-banding patterns
after loading? These questions are still not well understood
and deserve further investigation. In this letter, we rely on
MD computer simulations to roundly probe how spatio-
temporal distribution of shear-banding events on an atomic
scale is related in situ to macroscopic rate-dependent ser-
rated plastic flows in BMGs undergoing nanoindentation.
Strain rate effect on this relationship and its underlying
physics are discussed.

A binary amorphous alloy system, CuygZrs4, was used in
our MD simulations. In this system, atoms interact via a
modified Lennard-Jones 4-8 potential of the form [24, 25]:

A B
- +5+Crj+D, O0<r;<rn

P(ry) = T T (1)

0, ry>rn

where r;; is the distance between the atoms i and j, A, B, C,
and D are constants whose values are available in Ref. [25],
and r, is the truncation distance with the values of 5.08,
5.58, and 6.00 A for Cu—Cu, Cu—Zr, and Zr-Zr pairs,
respectively. The motion of each atom was evaluated by
integrating the Newtonian equations of motion using
velocity-Verlet method with a time step of 1 fs. To form an
amorphous sample, an initial structure for the sample was
built by placing all atoms into a face-centered cubic (fcc)
crystal lattice in a random order, and the initial velocities of
all atoms were set to be zero [26]. The initial structure was
gradually heated to 2400 K for sufficiently melting, and
then cooled to 1 K with the cooling rate of 25 K/ps. In this
process, the NPT ensemble was used, and the pressure was
kept at zero; periodic boundary conditions were used in all
three directions. Then, for the subsequent indentation
simulations, we set the top boundary free and fixed a layer
of 6.0 A in thickness at the bottom. Another 100 ps was
carried out to a new equilibration. Finally, a three-dimen-
sional sample (sample I) which contains 432,000 atoms

with the size of 250 x 250 x 125 A® and a two-dimen-
sional sample (sample II) which includes 250,000 atoms
with the size of 1950 x 1050 A2 were formed in this way.

A spherical indenter whose atomic nature is ignored was
used in the nanoindentation simulations. The indenter was
modeled by a purely repulsive potential with the form
[27, 28]:

V(i)=E-(R—r)* - 0(R—r) (2)

where r is the distance from the indenter center to a sample
atom, R is the radius of the indenter which is chosen as
20 A for sample I and 400 A for sample II, O(R — r) is the
standard step function, and E is a constant which is equal to
3.0 and 3.9 nN/A? for a Cu atom and a Zr atom, respec-
tively [28]. The indenter was displaced toward the top
surface of the sample at a constant strain rate by keeping an
invariable displacement interval of 0.1 A and adjusting the
relaxation time for each displacement interval. In this
process, the control to the temperature (1 K) was only
allowed in a layer of 10.0 A in thickness which is just
above the fixed layer at the bottom. For sample I, the total
indentation depth was 15 A, and three strain rates, 10“,
1010, and 10° s~! were executed; for sample II, the total
indentation depth was 50 10\, and three strain rates,
4 x 1010, 4 x 109, and 4 x 108 s_l, were performed.
Parallel computing was used in all the simulation
processes.

The load—displacement (p-h) curves for the indentation
simulations are shown in Fig. 1. Obviously, the rate-
dependent serrated plastic flow phenomena can be
observed: when strain rate decreases from la—c, flow ser-
rations become more prominent. The result is consistent
with a series of experimental observations for real metallic
glasses under indentation [11-18]. It has been recognized
that the serrated plastic flow, relating to shear-banding
operations, occurs as a result of a number of structural
rearrangements at atomic scale. The parameter Dzmin(—At,
1), therefore, is adopted to identify such irreversible rear-
rangement with the form [23, 29]:

Dl (t— Aty =) "R, -R] (3)

R, = [r,(t) — ro(t)] — (X- Y1) - [r,(t — At) — ro(t — At)]
(4)
(

X = 57 0 (0) = ro (0] (t — Ar) — rolt — Ar)] 5)

Y = [ra(t = At) — ro(t — At)][r, (1 — Ar) — ro(t — At)]

(6)

where the subscript n runs over the atoms within the
interaction range of the reference atom (n = 0) and r,,(?) is
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the position vector of the nth atom at time 7. The parameter
D2:.(t — At, ©) then denotes the local deviation between
the true deformation denoted by [r,(f) — ro(f)] and the
affine deformation indicated by (X Y [r,(— A—
ro(t — Ar)] during the time interval [t — Az, 1] [29]. We
calculated D,;, values of all atoms during each displace-
ment interval (0.1 10\) to get information of in situ
deformation. We selected 1.5 10\, which is about half of the
average distance between a Cu atom and a Zr atom in the
samples, as a cutoff of D.;, to characterize the rear-
rangements that make up a plastic event at all strain rates
[23, 29]. It is important to point out that the method of
choosing the cutoff may be a little rough, considering its
value may be affected by strain rates; nevertheless, it is
efficient to judge the plastic deformation, and should not
significantly change the trend. In addition, we find that
choosing different cutoffs cannot change the trend of
plastic flow under various strain rates. Any atom whose
Dy, value is greater than the cutoff is considered to be
rearranged, and the numbers of the rearranged atoms at all
intervals are displayed in Fig. 1 as histograms under p-h
curves. Note that the numbers of the rearranged atoms get
larger, but their distribution becomes more inhomogeneous
when strain rate decreases. Moreover, when comparing the
histograms with the p-h curves, a strong correlation
between them was surprisingly discovered: the load-drop
events (i.e., flow serrations) in the p—h curves correspond to
the peak values (i.e., large numbers of the rearranged
atoms) in the histograms; the more obvious the flow ser-
ration is, the larger the number of the rearranged atoms in
that interval is. The phenomenon is consistent with the
simulation results presented by Shi and Falk [21]. In fact,
the number of the rearranged atoms can be regarded as an
indication of the degree of plastic deformation in the dis-
placement interval. Thus, we can conclude that the serrated
plastic flow strongly depends on the temporal characteristic
of the atomic rearrangement underpinning plastic defor-
mation: successive low degree of plastic deformation at
high strain rate leads to less pronounced serrated flow, and
intermittent high degree of plastic deformation at low strain
rate results in more distinct serrated flow.

To ferret out how shear bands operate during the
indentation processes, we examined the spatial distributions
of the rearranged atoms when flow serrations occur. As
shown in Fig. 2, we found that, during a displacement
interval, at high strain rate, few rearranged atoms form
many small atomic clusters, and at low strain rate, many
rearranged atoms form few large atomic clusters. The figure
indicates that the degree of atomic rearrangement under-
lying flow in an individual loading step varies with strain
rate or loading timescale. This kind of discrete flow event
(i.e., rearranged atomic cluster) finally leads to distin-
guishing shear-band patterns at the maximum indenting
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Fig. 1 The load—displacement curves and the temporal distribution
of the number of rearranged atoms at various strain rates for sample I.
The strain rate decreases from (a—c)

depth, which are displayed in Fig. 3: more and thinner shear
bands formed at high strain rate, while fewer and coarser
shear bands nucleated at low strain rate. The patterns are
drawn by coloring the atoms according to their Dy,;,(0, #)
values; here, the darker the color the larger the D,,;,(0, #)
value. They are quite similar to those observed from
instrumented [15-19] and simulated [20, 22] indentations.
The results in Figs. 2 and 3 were taken from sample II for
the reason that larger planar size is available to display the
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Fig. 2 The rate-dependent spatial distributions of the rearranged
atoms in the displacement intervals where flow serrations occur for
sample II. The strain rate decreases from (a—c); a strain rate
4 x 10" 57! b strain rate 4 x 10° s~, ¢ strain rate 4 x 10% s7!

shear-band patterns. Furthermore, the potential energy
versus displacement curves, as shown in Fig. 4a, were also
found to be rate-dependent. With decreasing strain rate, the
potential energy grows more slowly, but fluctuates more
prominently; the energy-drop events essentially correspond
to the load-drop events. Since our MD processes proceed at
very low temperature, the potential energy which is large
compared to the thermal energy must dominate the flow
[30]. Thus, the unique spatiotemporal characteristic of
deformation can be understood in terms of potential energy
landscape (PEL) theory [30-33].
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Fig. 3 The rate-dependent shear-band patterns of the maximum
indenting depth for sample II. The strain rate decreases from (a—c); a
strain rate 4 x 10'°s™!, b strain rate 4 x 10° s™', ¢ strain rate
4 x 108s7!

Before loading, the system stays at a local minimum of
the potential energy surface (PES), and the configuration of
the system is metastable. Loading will tilt the PES, and
induce the disappearance of some local minima. As a
result, the system will became unstable, and move to a new
energy local basin. At the same time, atomic rearrangement
occurs. The disappearance of a potential energy basin
induced by loading is schematically shown in Fig. 4b.
When transiting from one energy basin to another, the
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Fig. 4 (a) The potential energy versus displacement curves at
different strain rates for sample I; (b) the schematic of the
disappearance of a local energy minimum induced by loading; (c)
the schematic of the rate-dependent systematic energy states when the
system transits to a new energy basin

system at high strain rate will stay at a higher energy state
in the new basin in a displacement interval than at low
strain rate because of the shorter relaxation time it has. The
comparison of the systematic states at different strain rates
is schematically shown in Fig. 4c. Thus a whole transition
of the system at high strain rate usually costs more dis-
placement intervals, and the degree of plastic deformation
at a particular displacement is relatively lower. On the
contrary, at low strain rate, the system experiences less
displacement intervals to reach the new basin, and the
degree of plastic deformation at a particular displacement
is generally higher. Hence the rate-dependent temporal
distribution of deformation appears. It is this temporal
characteristic of atomic rearrangement that dominates the
macroscopic serrated plastic flow. On the other hand, since
the potential energy of the system at the same indenting
depth at high strain rate is higher, there will be more atoms
at high energy state in the plastic zone. These atoms do not
have enough time to rearrange. Thus, the rearrangement
occurs at multiple regions, but the number of the rear-
ranged atoms is small (see Fig. 2a). When next loading
step is applied, atoms preferentially rearrange at the same
positions owing to their relatively higher local energy. In
other words, the shear banding preferentially operates at
the same locations at higher strain rate [10]. So it is hard to
conjecture from the shear-band patterns how many shear
bands operate in a moment. On the other hand, the system
has lower potential energy at low strain rate, so the number
of the atoms with high energy state will be smaller. Thus
the rearrangement happens at fewer regions. Nevertheless,
the rearrangement in these few regions can develop more
sufficiently, finally producing coarse shear bands (see
Fig. 3c). In addition, since local atoms rearrange suffi-
ciently, leading to a lower local energy, the atomic
rearrangement at the next step must occur at other regions
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having high energy level. In other words, the shear bands
nucleate and develop sufficiently at different positions
under low strain rate. If the plastic deformation zone or
spatial distribution is not related to its time, such as the
uniaxial compression case [10], more and finer shear bands
can finally be produced at low strain rates. However, in
nanoindentation, the unique spatial patterning, fewer and
coarser shear bands (see Fig. 3c), can be observed owing to
space—time relationship of plastic deformation.

In summary, rate-dependent serrated plastic flow was
observed in our MD simulations. The temporally inhomo-
geneous characteristic of the plastic deformation was
revealed as the main determining factor of serrated flow
behavior. It is not proper to directly relate the numbers of
shear bands with the flow serrations. For example, although
there is no serration in some Fe-based or Ce-based BMGs
during nanoindentation, a number of fine shear bands are
observed under the indents [34]. The unique rate-dependent
spatiotemporal distributions of shear banding can be
understood in terms of PEL theory. We believe that these
findings can shed light on the relationship between
microstructure and inhomogeneous plastic flow in BMGs.
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