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Shear avalanches in metallic glasses under nanoindentation: Deformation
units and rate dependent strain burst cut-off
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(Received 23 July 2013; accepted 21 August 2013; published online 6 September 2013)

Indented metallic glasses at the nanoscale deform via strain bursts. Conventional continuum
descriptions are not appropriate for such highly stochastic, intermittent deformations. In this study,
after a statistical analysis of strain bursts in five metallic glasses, the dependence of the cut-off of
the strain burst size on deformation units and loading rate is established. For soft metallic glasses
with smaller deformation units, cut-off of the strain burst size truncates the scale-free behavior at
larger strain burst sizes. For hard metallic glasses, scale-free behavior occurs in a wide range of
strain burst sizes. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4820782]

The plastic deformation in crystalline materials exhibits
intermittent strain bursts, i.e., slip avalanches, with a scale-free
size distribution at the microscale.' Some large slip avalanches
are also usually visible in macroscale deformation,3’4 which can
seriously influence the mechanical properties of crystalline
materials. These slip avalanches are associated with intrinsic
hardening of the material, grain size* or test sample geometric
size, and so on.” In metallic glasses, grain size and the hardening
behavior do not exist. Close resemblance to the crystalline plas-
ticity characterized by disruptive shock-and-aftershock, and
earthquake-like events over spatio-temporal averages at the
nanoscale, the shear banding behavior in metallic glasses corre-
sponds to intermittent shear avalanches with different sizes.®™®
Such a shear avalanche is a fatal event resulting in a catastrophic
fracture and tiny plastic strain (<2%) for metallic glasses.”
Prohibiting shear avalanches could enhance the toughness of
metallic glasses and promote their plasticity.® Shear banding in
metallic glasses is associated with environmental tempera-
tures,'® elastic properties,'’ and inhomogeneities in the glassy
phase.'*'® As spatio-temporal nonlinear dynamic behavior,
shear banding must be spatially influenced by the deformation
units in the glassy phase, and also temporally affected by the
external driving rate,'® which dependencies remain unclear so
far. Therefore, understanding and predicting the dependence of
shear avalanches on the atomic structure and loading rate are
the questions to be addressed here.

In this letter, we use nanoindentation to investigate the
strain bursts in the loading stage of metallic glasses. High
spatial and temporal resolution in the instrumented nanoin-
dentation allows us to explore the discontinuous strain burst
in different metallic glasses."* A statistical analysis is con-
ducted for the strain burst size distribution. The influences of
the deformation unit and the loading rate of the metallic
glasses on the strain burst are discussed.

Five metallic glasses are chosen according to their
different mechanical properties, such as hardness and
elastic modulus, namely CoseTagBss (at. %),
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Fe41Co7Cr1sMo14Ci5B6Y2,  Zryy25Tii3.75Ni10Cuyz 5Bex s,
MggsCuysGdyg, and CeggAl;gCurgCo, metallic glasses. The
experimental procedures are described in Ref. 15. According
to the results from the nanoindentation tests, the elastic mod-
ulus, E, and the hardness, H, of the five metallic glasses are
measured from the average of ten P-h curves at each loading
rate, as listed in Table I. Based on the hardness values, we
call the Co- and Fe-based types as “hard” metallic glasses,
and the Zr-, Mg-, and Ce-based types as “soft” metallic
glasses. The representative load-displacement (P-h) curves
at five loading rates for “hard” (Co-based) and “soft” (Mg-
based) metallic glasses are plotted in Figs. 1(a) and 1(b). The
P-h curves of the other three metallic glasses are plotted in
Fig. S1.'° The P-h curves of the hard metallic glasses are
seen to be smooth in the loading stage without obvious shear
steps. On further enlarging of the loading stages, some very
small pop-in events can be observed [the inset of Fig. 1(a)].
For the soft metallic glasses, significant pop-in events in the
loading stage [as marked by black arrows in Fig. 1(b)] are
visible.

To further characterize these pop-in events, it requires
eliminating the influences from the indentation depth
increase. A polynomial function is used to fit the loading
stage in P-h curves to get a baseline [Fig. 1(c)]. After sub-
traction of the baseline, the pop-in events as a function of the
h value are visible. Since each pop-in event reflects a process
of shear band formation and propagation,'* the depth drop,
Ah, i.e., difference between the peak and valley values [as
marked in the inset of Fig. 1(c)], can reflect the shear step
size. However, the instrument noise could also cause pop-in
events, and is required to be removed. The pop-in events
from the background noise can be extracted from the 5s
holding segment at peak load through linear fitting that is
well documented in Fig. S2(a),' which shows that the noise
generates a shear step size of 2nm [as marked in Fig.
S2(b)]."° Thus, the pop-in events with shear step sizes less
than 2nm are not considered in the present study. After
removing the noise, normalization of the Ah value by the
depth, £, is carried out to eliminate the statistical error, which
generates strain burst size, S, (:Ah/h).14 The distributions of

© 2013 AIP Publishing LLC
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TABLE I. Parameters for the five metallic glasses. p,, is mass density; E is
elastic modulus; G is shear modulus; H is hardness.

Metallic glasses Pm (g/cm3) E (GPa) G (GPa) H (GPa)
Co-based 9.285 293 111.53 16.4
Fe-based 7.904 256 97.78 13.8
Zr-based 6.125 90 32.81 5.6
Mg-based 3.794 60 22.85 2.9
Ce-based 6.752 45 16.94 2.8

the S value versus the 4 value from five metallic glasses at a
loading rate of 0.6 mN/s are representatively plotted in Fig.
1(d). It is evident that the sizes of the strain bursts of the five
metallic glasses exhibit random fluctuations although the
size distributions seem to be a decreasing trend with increas-
ing indentation depth.

Considering the distribution of the strain burst is irregu-
larly and stochastically changing across the variant metallic
glasses, we carry out a statistic analysis on the strain burst
size, attempting to gain a better understanding of the mecha-
nism despite the characteristic lack of periodicity in the inter-
mittent pop-in events. Ergodically processing is introduced to
demonstrate the statistic distributions of the strain burst size.
Figure 2 shows cumulative probability distributions of the
strain burst sizes, i.e., the percentage of the number of pop-in
events with the strain burst size being larger than a given
value, P(>S), for the five metallic glasses loaded at different
rates. It can be seen that the smaller strain bursts are more
probable and follow a power-law distribution. For a metallic
glass indented at a given loading rate, with increasing the
strain burst size, the distributions of the strain burst sizes do
not follow a power-law distribution but decrease exponen-
tially in probability. Using a Levenberg-Marquardt algorithm,
the cumulative probability distributions of the five metallic
glasses can be predicted by an empirical relation®

—0.2 mN/s — 0.6 mN/s — 1 mN/s
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P(>S) = AS P exp(—S/Sc), (1)
where A is a normalization constant, S is the strain burst, f is
a scaling exponent, and S¢ is the cut-off of strain burst size.
The fitting parameters, f§ and S, reflect the profile of the
shear avalanche in metallic glasses.*

For metallic glasses, with good ductility, subjected to
a compression load, the dynamics of the collective shear
banding can self-organize into a scale-free pattern charac-
terized by a power-law distribution of shear avalanche
sizes, P(>S)~ S, with the exponent of f being around
1.5."%1® This confirms the high degree of universality of
the observed power-law relation, reminiscent of self-organ-
ized critical (SOC) behavior. Under nanoindentation, due
to the confinement from the surrounding material, plasti-
cally shearing can be stabilized even in brittle metallic
glasses without any compression plasticity,'” which sheds
light on the characteristics of the intermittent shear ava-
lanches. The f values are varied for different metallic
glasses but are kept constant at different loading rates for
each metallic glass, and are shown in Fig. 2. For the hard
metallic glasses, their f# values are 0.65 and 1.00, respec-
tively. They exhibit a significant power-law relation in the
small size regime of the strain bursts [Figs. 2(a) and 2(b)].
With increasing strain burst size up to a larger value, i.e.,
the cut-off value of S¢, the exponential decay factor comes
to play. For the soft metallic glasses, the power-law regime
is not really significant as the cut-off has noticeably
decreased to smaller values. Thus, smaller exponents of
0.20 and 0.10 could be seen [Figs. 2(c)-2(e)]. It is evident
that the changes in the f value are influenced by the cut-
off of the strain burst size. As a characteristic strain burst
size, S¢, in Eq. (1) can reflect the shear avalanche occur-
ring in the large scale,'® which is of important in the rup-
ture process of crystalline materials.”>*'®
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FIG. 2. Cumulative probability distribu-
tions of strain burst size. Open scattering
points represent experimental results
measured from the nanoindentation.
Solid lines are fitting curves by Eq. (1).
(a) Co-based, (b) Fe-based, (c) Zr-based,
(d) Mg-based, and (e) Ce-based.
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Since no crystallographic defects can deliver plastic
strain, the structural origin of the deformation in metallic
glasses is attributed to deformation units, such as shear trans-
formation zones.'”?® The deformation unit operation
includes a group of atoms concordantly shifting and forming
a concordant region.21 The stress increase can bring out an
expansion of this concordant region due to more atoms par-
ticipating in rearrangement.”’ In the nanoindentation, the
load increase in each pop-in event corresponds to the con-
cordant region expansion. After the load approaches the
peak value, the expansion of the concordant region is in a
jamming state because of the elastic field interactions
between neighboring concordant regions.”**> On the other
hand, the enlarged concordant region brings out larger inter-
nal stress concentration.”* When this stress concentration is
larger than the yield shear stress, shear banding can slide a
given distance, thus, intermittent pop-in behavior is formed.
The formation of the concordant region is actually a response
of the metallic glass to the external elastic load, which is
manifested in a redistribution of the local stresses in an elas-
tic medium.?*° This stress redistribution is carried out by
an elastic interaction between atoms over a distance of shear
wave propagation.”’ Thus, the concordant region size, d, can
be assumed to be d =v,t, where v is the shear wave speed,
and t is the relaxation time that depends on the temperature.
In the present study, the t value (approximately 1 ~ 2 ps) is

a constant since the experiments were carried out at room
temperature.”’ The shear wave speed can be calculated by
vy =(G/ p)m, where G and p are the shear modulus and den-
sity of the metallic glasses, respectively, which are listed in
Table I. Accordingly, it can be seen that the concordant
region size is determined by the propagation of the shear
Wave,26 which further indicates that the shear banding
behavior is related to the shear wave propagation. Figure 3
plots the relationship between the shear wave speed and the

—o— 0.2 mN/s
0.1}—v— 0.6 mN/s
—2—1 mN/s
—o— 2 mN/s
—o— 3 mN/s

Fe-based ¢

Cut-off, § c

0.01

Mg-based

2000 2500 3000 3500
Shear wave speed, v_(m/s)

FIG. 3. Cut-off values of strain burst size as a function of shear wave speed
at different loading rates and different metallic glasses.
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cut-off of the strain burst size of five metallic glasses at dif-
ferent loading rates. The cut-off value increases with increas-
ing shear wave speed. For a metallic glass, the higher the
loading rate, the smaller the cut-off value, which is analo-
gous to the result of a previous study.”

Larger shear wave speed suggests that more atoms will
participate in the concordant shifting, which causes a higher
activation energy corresponding to higher hardness (strength)
in metallic glasses, such as the Co- and Fe-based metallic
glasses. In the loading stage of each pop-in event, the samples
with larger concordant regions can more easily form a jam-
ming configuration compared to those with a smaller concord-
ant region because the larger long-range elastic strain fields
initiated from different concordant regions encounter each
other more easily.”® For the soft metallic glasses, their
concordant regions are smaller in size, which means that the
jammed state of the deformation units is weakened.
Therefore, by increasing the hardness, the deformation units
exhibit an unjamming-jamming transition in metallic glasses.
This transition can be viewed as an extension of the idea of
the rigidly packed deformation units (concordant regions) in a
jammed state.””** This rigid packing state can resist small
perturbations,’' approaching a stable state, i.e., a non-chaotic
state. The cumulative probability distributions of the strain
burst size in hard metallic glasses clearly show the significant
power-law relation in a wide range of strain burst sizes, sug-
gesting a SOC state, i.e., one of stable states, occurring [Figs.
2(a) and 2(b)]. This provides solid evidence to support the
idea that the large concordant region formed a jamming state.
With decreasing the deformation unit size, the transition from
jamming to unjamming states occurs. The un-jamming state is
unstable to perturbations, exhibiting a chaotic state,'® which is
manifested in the power-law relation in the statistic distribu-
tion of strain bursts that is not obvious due to the influence
from smaller cut-off values. This confirms the conjecture of
the transition of the jamming-unjamming processes.

Increasing the loading rate causes the cut-off values to
decrease (Fig. 3). At the lower loading rate, a shear band for-
mation is assumed to render the plastic strain, leading to a
strain burst.* Increasing the loading rate to be larger than
the rate of relaxation by a single shear band, besides a new
shear band operation, the previous shear band will also be
operatable as the stress level exceeds the yield criterion
again, so two shear bands are initiated. Further increasing
the loading rate, numerous shear bands would be formed at
each pop-in event to dissipate the plastic strain. We can then
image a virtual shear band cloud continuously rendering the
imposed strain and cutting the elastic energy accommodation
in each pop-in event. Thus, the amplitude of a pop-in event
is smaller with increasing load rate, causing the cut-off
values to decrease. The changes of the cut-off values do not
significantly influence the f value in each metallic glass. A
possible reason is that the range of loading rates in the pres-
ent study is too small to change the dynamic behavior of the
shear banding process.33

In summary, unlike crystalline materials having crystal-
line defects to confine the shear avalanche at the microscale,
metallic glasses whilst having no defects, the plastic flow
under nanoindentation shows that the cut-off of the strain
burst size, corresponding to the shear avalanche size, is

Appl. Phys. Lett. 103, 101907 (2013)

associated with the deformation unit size in the glassy phase.
This deformation unit size is determined by the shear wave
propagation distance. The loading rates cannot influence the
cumulative probability distribution of the strain burst size.
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