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The rate dependence of serrated flow in amorphous Algs sNi37Yg5 has been investigated by nanoinden-
tation. Three samples, containing different initial amounts and distributions of free volume, were used:
as quenched, cold rolled and annealed below the crystallization temperature. When the cold-rolled sam-
ple is indented at low rates, no new shear bands form, and stable, time-dependent, flow takes place at
pre-existing shear bands, well below the glass transition temperature. Aside from instrumental resolu-
tion, factors that likely affect serrated flow include the magnitude of the yield drop and the shear-band
propagation velocity. The trends we observe are compared with calculations based on the free-volume

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

At high strain rates and low temperatures, plastic deformation
of metallic glasses is localized to narrow shear bands. This behavior
has been attributed to a shear instability due to softening, caused
by shear dilatation. Much of the research activity in this area was
stimulated by Spaepen’s pioneering treatment [1], in which he
expressed the constitutive law in terms of the amount of free vol-
ume. While alternative models have been proposed (see, e.g., Ref.
[2]), the Spaepen model has been useful in describing a range of
behaviors, from Newtonian flow at low strain rate and high temper-
ature, to strain localization and shear-band formation at the other
extreme. The model was given additional microscopic content by
Argon, who described the flow defects as shear transformations
[3]. According to Spaepen’s model, the strain-rate sensitivity of
the stress required to activate a shear band is small, and that of
the steady-state flow stress is even smaller [4]. Shear-band forma-
tion was modeled [3,4] by assuming the existence of “weakened
bands” with higher free-volume content than their surroundings,
at which the instability nucleates. Once a shear band forms, failure
can result without any plastic deformation of adjoining regions.
Under geometric constraints, e.g., indentation, rolling or compres-
sive deformation of a sample with an appropriate aspect ratio,
catastrophic failure is prevented and multiple shear bands can
form.
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Schuh et al. [5] observed serrated flow in nanoindentation of
a metallic glass, the amplitude of which decreased, and the fre-
quency of which increased, with increasing strain rate. At the
highest rates used, no serrations were observed. Serrated flow has
been attributed to the formation of shear bands [6], but serrations
have also been shown to result from repeated activation of a sin-
gle shear band [7]. We have reproduced in an Al-rich metallic glass
the trends observed by Schuh et al., and observed, using atomic-
force microscopy, that the number of shear bands that intersect the
surface increased with increasing indentation rate [8]. We argued
that, as the surface-step height decreased with increasing number
of shear bands, it became increasingly difficult to resolve the for-
mation of individual bands. In addition, the number of data points
per unit depth may be too small at high rates to resolve serrations.
Schuh etal. [9] later expanded their study and reported on serrated-
flow behavior as a function of temperature and strain rate. They
argued that serrated flow ceases when multiple shear bands form
simultaneously, and demonstrated consistency of this argument
with Argon’s theory of flow localization [3]. A recent review of the
current state of understanding of plasticity in metallic glasses is
given in Refs. [10,11].

We have recently investigated the effect of cold rolling on
the indentation response of AlgggNi37Ygs5 at a loading rate of
0.5 mN/s [12]. The hardness of a rolled sample was lower than in
the as-quenched state. Unlike the as-quenched sample, the rolled
sample exhibited negligible serrated flow, and no pileups were
observed near the indents. Annealing of the rolled sample led to
a recovery of serrated flow and pileup, and to hardness values
exceeding those of the as-quenched sample. We argued that defor-
mation of the rolled sample took place by propagation of existing
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Fig. 1. Strain rates as a function of indenter depth for an as-quenched (a), an annealed (b) and a cold-rolled (c) sample for nanoindentation at varying loading rates.

shear bands, as opposed to nucleation and propagation of new
shear bands in the as-quenched sample. In an effort to reach an
improved understanding of shear-band behavior, we have per-
formed a systematic investigation of the nanoindentation behavior
of amorphous Algg gNi3 7Yg 5 at room temperature at varying load-
ing rates. The crystallization temperature of this alloy at a heating
rate of 20K/min is 275°C [13], and it does not crystallize dur-
ing shear-band formation at room temperature [14]. The state of
the sample was varied by annealing or cold rolling. Although a
significant temperature rise has been observed in shear bands, it
is not the cause of their formation, but rather, its result [15,16].
Furthermore, the constrained geometry in the present work lim-
its the displacement to less than 5% of that observed in Ref. [17],
and thus limits the degree of adiabatic heating. Most notably, we
observe time-dependent, stable, flow, at previously formed shear
bands, a mode typically referred to as “homogenous flow” [1,3]. We
explain some of the observed trends, using the free-volume-based
approach [1,4].

2. Experimental details

An amorphous AlgsgNi3;Ygs (at.%) ribbon, 22 pwm thick and 1 mm wide, was
obtained by the single-wheel melt-spinning technique using a Cr-coated Cu wheel
at a tangential velocity of 40 m/s in vacuum. X-ray and electron diffraction analyses
were employed to confirm the amorphous structure of the as-spun alloy ribbon.
Samples were rolled in up to 100 small steps to a final thickness reduction of 45.5%.
Relaxation anneals were carried out at 110 °C for 60 min in a Ti-gettered, flowing-Ar,
furnace, a condition that does not lead to crystallization [12].

Samples were prepared for nanoindentation measurements by electropolishing
from the wheel side of the ribbon, using a single-side jet thinning electropolisher
for a few seconds. A solution of 25% nitric acid and 75% methanol was employed
at 243K and a voltage of 90V. Load-displacement indentation curves and hardness
values were obtained, using a Nanoinstruments Nanoindenter II with a Berkovich
diamond indenter. The separation between adjacent indents was at least 20 wm. The
loading phase was carried out under load control at loading rates ranging from 0.02
to 5 mN/s, to amaximum load of 10 mN. Atomic-force microscopy (AFM) observation

on the indents was conducted using a Digital Instruments Nanoscope Illa in contact
mode.

3. Results and discussion

At low loading rates, the indentation data contain significant
noise, which is especially noticeable in the indent-averaged strain
rate, & = (1/h)dh/dt, where his the indenter-tip displacement and t
the time. In order to reduce the noise, & vs. h curves were smoothed
by convolution with a Gaussian. The width of this Gaussian in h
was kept fixed for all curves, so as to preserve the trends in serra-
tion behavior. In Fig. 1, the strain rate is displayed as a function of
indenter displacement for an as-quenched, arolled and an annealed
sample, for a range of loading rates. For the as-quenched sample,
the serration amplitude decreases with increasing rate, as also pre-
viously reported [5,8]. Annealing clearly leads to more-pronounced
serrations at loading rates of 0.5 mN/s and lower, but does not sig-
nificantly affect their average frequency. Fig. 2 shows AFM images
of indents in an as-quenched and an annealed sample, obtained at
0.5 mN/s. The annealed sample displays greater pileup volume and
radius, and both samples display distinct surface steps.

For the rolled sample (Fig. 1¢), a non-monotonic trend with
loading rate is observed: the amplitude of serrated flow peaks at
intermediated rates. Fig. 3 shows AFM images of indentations in the
as-quenched and in the rolled sample, conducted at 0.02 and 2 mN/s
each. At 0.02 mN/s, the rolled sample exhibits insignificant pileup
or surface steps, whereas the as-quenched sample exhibits distinct
surface steps due to shear bands. These steps have near-perfect
circular arc shapes, whereas they are less regular for indentations
formed at higher rate. At 2 mN/s, the pileup morphologies for the
as-quenched and the rolled sample are very similar.

In the discussion below, the experimental results will be
compared with idealized, one-dimensional, model calculations of
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Fig. 2. AFM images of indents formed at 0.5 mN/s and a maximum load of 10 mN in
an as-quenched (top) and an annealed sample (bottom).

stress-strain curves following Steif et al. [4] These calculations
do not consider the complicated 3-dimensional stress distribution
introduced by indentation. They are useful, however, in assessing
the observed qualitative trends and pointing at the need for detailed
3-D computations, which are beyond the scope of the present work.
An indentation-size effect [18] on the hardness is not expected to
affect the qualitative trends we observe.

The analysis of Steif et al. [4] is based on two coupled differential
equations: one describes the temporal derivative of the average free
volume, ¥, as a function of applied shear stress, 7:

i = v exp |- 2 |ex {__AGm} 2okT coshﬁ—l 1
r=vve exp vy p kT 7S 2kT np

(1)

where g is the frequency of attempted jumps, the first expo-
nent expresses the fraction of sites with free volume exceeding a
critical value, v", required for atomic jumps to be feasible, and o
is a geometric factor of the order of one that accounts for overlap
of the free volume associated with individual atoms [19]. AGy, is
the activation free energy for migration, kT has its usual meaning,
and S =(2/3)G(1 4+ v)/(1 — v), G being the shear modulus and v,
Poisson’s ratio. T is the shear stress, np is the number of atomic
jumps required to annihilate a free volume of v" and £2 is an atomic
volume. It should be noted that in later treatments, £2 is inter-
preted as the product of the volume and transformation strain of
a shear transformation zone [3,20]. Eq. (1) is a simplistic treatment
of free-volume annihilation process, and modifications to it have
been proposed [21,22], but it suffices for the present qualitative
discussion.

Fig. 3. AFM images of an as-quenced (AQ) and a rolled (R) sample, indented at 2 and 0.02 mN/s, as indicated.
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Fig. 4. The slab geometry used for a one-dimensional simulation of two parallel
shear bands, following the simulation of a single shear band in Ref. [4].

The second equation used by Steif et al. is the free-volume-
dependent constitutive law:

o AGn . 82

5 } exp [—k—T} sinh (ZkT) 2)
where y is the shear strain and x is the temporal derivative of vari-
able x. For a fixed, externally imposed, strain rate, Steif et al. solved
Egs. (1) and (2) simultaneously and obtained the shear stress as a
function of strain. As discussed below, their solution displayed lin-
ear behavior, followed by an abrupt and substantial yield drop once
free-volume generation became significant.

In an attempt to explain the trend in strain-rate dependence of
the shear-band spacing, we have performed a numerical calcula-
tion of the stress—strain curve for a slab subjected to a constant
shear strain rate (Fig. 4). The slab contains two parallel “weakened
zones,” with slightly different initial amounts of free volume, v;,
both slightly higher than in the matrix. In this 1-dimensional model,
the bands and the matrix deform in series. This is an extension of
the calculation by Steif et al. for a single shear band [4]. At low
strain rates, when v; values in the two bands are sufficiently close,
both bands experience similar strain. With increasing applied shear
strain rate, one observes increasingly preferential straining of the
band with the higher v; value. This suggests that the number of
shear bands would increase with increasing strain rate. This one-
dimensional result is consistent with the trend observed in uniaxial
compression [7]. However, it is opposite to the presently observed
trend of increasing number of shear bands with increasing inden-
tation strain rate. Our preliminary finite-element simulations of
nanoindentation in three dimensions [23], also based on Ref. [4],
show the same trend as in the present experiments, indicating
that it is due to the 3-D geometry. We note that in addition to a
description of the microscopic processes involved in shear-band
nucleation, a complete understanding of shear-band formation
would require a continuum-mechanical treatment of shear-band
nucleation and propagation.

Fig. 5 shows calculated, dimensionless, shear stress-shear
strain curves in one dimension for a fixed, dimensionless,
strain rate of 107> and several values of v;. Following Ref.
[4], using its notation, the following parameters were used:
a dimensionless shear modulus G = G§2/2kT =60; a=1; B=
2(1+v)/3(1 —v)-v*/$2 = 1.2 [24]. As expected, the magnitude of
the yield drop, i.e., the difference between the peak stress and its
steady-state value, increases with decreasing v;. For the highest
value of v;, no yield drop is obtained and homogeneous flow is
expected (see discussion below). When the curve displays a yield
drop, one expects a shear band to form at the onset of instabil-
ity, when the peak stress is exceeded in a sufficiently large region
[25]. For a perfectly rigid loading frame, the resulting relaxation
of the accumulated elastic stress is expected to lead to a drop in
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Fig. 5. Dimensionless stress-strain curves, calculated following Steif et al. [4], for
initial free volume values, v;, of 0.05 (solid line), 0.06 (dotted line) and 0.08 (broken
line).

stress at fixed strain rate, or jump in indentation depth at fixed
loading rate. The magnitude of these jumps is expected to be pro-
portional to the yield drop, and consequently to increase with
decreasing v;, and therefore with annealing. The observed increases
of serration amplitude, Fig. 1, and of the pileup and surface-step
height, Fig. 2, with annealing, are both consistent with this argu-
ment since v; decreases with annealing. For a quantitative analysis,
the complicated indentation geometry would necessitate detailed
3-D numerical modeling.

In Fig. 6, the calculated peak stress is plotted as a function of
strain rate for several initial values of the free volume, v;. For each
value of v;, there is a threshold strain rate, below which the stress
reaches a plateau with increasing strain, without a yield drop. Sim-
ilarly, for a fixed strain rate, there is a threshold value of v;, above
which the yield drop vanishes (see Fig. 5). Beyond the threshold,
the pre-existing free volume is sufficient to maintain the strain
rate imposed. For this regime, the plateau stress value is used in
Fig. 6. For each curve, the slope increases with decreasing strain
rate, reaching a value of one, i.e., the flow becomes Newtonian [1],
below the threshold strain rate. Above the threshold, shear-band
formation is expected if the free-volume created remains localized
on the time scale of the experiment. De Hey et al. [22] observed
homogeneous deformation above this threshold, probably due to
sufficiently rapid diffusion of the free-volume as it is created at the
elevated temperature of the experiment. In Fig. 6, the locus of the
threshold points is indicated for the different curves. A feature that
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Fig. 6. Maximum stress (see Fig. 4) as a function of strain rate for several values of
the initial free volume, v;. The thick line denotes the locus of threshold points, at
which the yield drop vanishes.
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is crucial for the discussion below is that the threshold strain rate
increases dramatically with increasing v; values.

The maximum possible value of v; in a glass has generally been
considered to be limited by the quenching rate. However, the fol-
lowing discussion establishes that pre-existing shear bands are
“weak links” atlow strainrates, implying that the value of v; in them
is higher than in the typical rapidly quenched state. Fig. 6 shows
that, at low strainrates, the stress is extremely sensitive to v;. There-
fore, the shear bands have a significantly lower viscosity than the
matrix at low strain rates. Consequently, flow in the rolled sample
takes place in the shear bands, well within the regime previously
termed “homogeneous flow:” [1,3] flow is expected to be local-
ized to shear bands because of their higher pre-existing value of v;.
This explains why no new shear bands nucleate, and no pileup is
observed. Although shear bands formed by rolling are not arranged
efficiently for deformation by nanoindentation, their drastically
lower viscosity at low rates makes them the preferred deformation
sites. In preliminary experiments, we have indeed directly observed
room-temperature viscous flow at individual shear bands in this
alloy [26]. At high loading rates, the viscosity of the pre-existing
shear bands is closer to that of the undeformed matrix (Fig. 6) and,
because of their inefficient geometry, they do not provide viable
deformation paths. New shear bands nucleate, resulting in pile-
ups and serrations (Fig. 3). At yet higher loading rates, the effect of
shear band-nucleation and propagation becomes less visible in the
indentation curves, as is also the case in the as-quenched sample,
and as discussed in Refs. [5,8,9].

We note that the present discussion only addresses the quali-
tative trends observed. The load-displacement curves are affected
by the complex deformation geometry, and by the average effect of
many shear bands. Variations of the average stress we observe for
different sample histories and indentation conditions are at most
25%, whereas the calculated local variations are much greater. This
is not surprising, considering that the shear bands (i) occupy a
small volume fraction of the sample; and (ii) can nucleate at local
stress concentrations well before the peak stress (Fig. 5) is reached
macroscopically.

Shear bands are expected to form during nanoindentation at a
point at which the shear stress exceeds the local yield point in a suf-
ficiently large region [25]. Although the local maximum stress in a
homogeneous solid is obtained along a smooth curve [27], irregular
distribution of the free volume might lead to an irregular shape of
the shear band as it propagates along a path of least resistance. If
the relative sensitivity of the yield stress to the amount of initial
free volume, v; were to increase with strain rate, it would explain
the fact that the shear bands are circular at low strain rates only.
However, we find that both analytical and numerical results, based
on Steif et al. [4] display the opposite trend. One could argue that a
perfect circular shape is obtained if the shear bands propagate lat-
erally on a time scale that is significantly shorter than that for the
expansion of the stress field. However, based on our preliminary
finite-element simulations [23], this is not the case. This suggests,

again, that more attention needs to be given to the 3-D continuum
mechanics of shear-band nucleation and propagation.

4. Summary

In a cold-rolled metallic glass, low-rate indentation is accom-
modated by pre-existing shear bands. With increasing loading rate,
the behavior resembles that of the as-quenched material, and new
shear bands form. This observed trend is explained in terms of
a free-volume based approach. Due to the high amount of resid-
ual free volume trapped in the shear bands after their formation,
they can exhibit stable, time-dependent, flow during low-rate,
room-temperature nanoindentation. A full theory of shear-band
behavior would need to account for the atomistic and continuum-
mechanics aspects of their nucleation and propagation in
3 dimensions.
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