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Metallic glasses (MGs) or other amorphous materials often yield macroscopically with the

instantaneous formation of shear bands under the applied stresses. Here, through microcompression

tests, we showed that, below the conventional yield stress, shear banding can still be activated but

requires an incubation time. The incubation or delay time is found to be closely related to the level

of the applied stress. From a dynamic evolution model entailing the plastic deformation units in

MGs, the delayed shear banding behavior is modeled as a result of the spatial evolution of the local

internal plastic flow. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4894860]

The mechanical response of metallic glasses (MGs) or

other amorphous materials to an external stress is quite dif-

ferent from that of their crystalline counterparts, and the

underlying mechanism is still poorly understood, despite

enduring research efforts made in past decades.1–4 At the

atomic scale, the plastic flow in MGs is well recognized to

involve the inelastic rearrangement of some defect-like local

atomic sites in the amorphous structure (sites with larger free

volume1,2 or liquid-like zones5,6), which often leads to an

enhanced structure disordering. As a consequence, material

softening arises from such a structure disorder and leads to

shear localization at low temperatures, with the strain highly

concentrated on one or a few narrow shear bands.7–10

Mechanistically, this process can be interpreted as a spatial

instability that involves the evolution of some local plastic

‘flow units’ in the MGs,11,12 such as the local soft regions or

liquid-like zones. However, how these local flow units

evolve and coalesce into meso-scale shear bands still

remains a critical issue to be resolved yet.

From the application viewpoint, the macroscopic me-

chanical behaviors of MGs, such as the yielding and fracture,

are closely related to shear bands.13 In general, yielding in

MGs at room temperature is accompanied by the instantane-

ous formation of shear bands. While below the yielding

stress, inelastic deformation can still occur in MGs, which is

manifested as the creep under a constant load14 or the me-

chanical hysteresis under a cyclic load.6 Compared to the

localized shear bands, this inelastic deformation often pro-

ceeds in a homogenous manner and can be attributed to the

stochastic activation of the soft atomic sites that are distrib-

uted all over a MG sample.15,16 In this regard, it is reasona-

ble to envision that the formation of a shear band marks a

critical point for the connection and percolation of these flow

units.17,18 At a fundamental level, the yielding process in

MGs is thermally activated and stress assisted; therefore, it is

easy to perceive that the yielding stress of MGs must be tem-

perature dependent (often decrease in a (T/Tg)2/3 manner19).

Here, we report an interesting deformation phenomenon in

MGs, that is, their yielding is facilitated not only by tempera-

ture but also by time under the applied stress. As such,

delayed shear banding can occur at room temperature even

under a stress below the yield strength of a MG. The behav-

ior of delayed shear banding reflects the viscoelastic nature

of the mechanical deformation in MGs and could be inter-

preted as a result of the evolution of the local flow units in

MGs.

Instead of using the conventional compression method

to approach the yielding point of a MG, a carefully designed

microcompression technique based on a state-of-the-art

nanoindentation system (Hysitron, TI 950) was utilized in

this study. The system possesses the displacement resolution

of �1 nm, the force resolution of �1 lN, and the data acqui-

sition rate as high as 30 000 HZ, which are sensitive enough

to detect the homogeneous viscoelastic flow before shear

banding and the subsequent shear banding event.20 Before

the microcompression tests, the thermal shift of the system is

also stabilized at a value <0.5 nm s�1 to minimize the effect

of environmental noises. Multiple Zr-based micro-pillars

(in a nominal composition Zr55Pd10Cu20Ni5Al10) with a di-

ameter of 1�2 lm and height of 2�4 lm were fabricated on

the surface of the bulk MGs using the FEI Quanta 200 3D

dual beam (FIB/SEM) system via the sequential ion milling

method and were subsequently compressed with a 10–lm

flat diamond punch in the nanoindentation system. For each

compression test, the loading-holding-unloading cycles (10

cycles in total) as shown in Fig. 1 were applied. The holding

load was started at 1600 lN (�80% of the quasi-static yield-

ing load estimated as 0.02 E, E is the Young’s modulus) and

then increased by 5% per cycle. The loading rate is 105lN/s

and the holding time for each cycle is fixed at 2 s. At least, 4

micropillars were prepared and tested for the same experi-

mental procedure to ensure the data reproducibility.

Figure 1 shows the load/displacement-time (P-t-h)

curves for a typical Zr-based micropillar. As seen from this

figure, the displacement curve, also consisting of upward-

holding-downward segments, stayed synchronized with the

load curve for initial cycles, indicating the elastic deforma-

tion and trivial plastic flow for the MG at low stresses.

However, from the sixth cycle, displacement bursts or pop-in

events (labeled with the circle) began to appear during load

hold; after unloading, the displacement did not return to the

zero point, suggesting that a significant plastic strain had

occurred after the deformation. After the tests, several shear
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bands can be observed on the lateral surface of the sample

and the number of shear bands correlates well with that of

pop-ins.20 Therefore, it can be regarded that each pop-in

event, as seen in the h-t curves, corresponds to the operation

of one shear band. This is different from what could happen

in conventional compression tests in which one serrated or

pop-in event may correspond to the operation of multiple

shear bands.9,21

It is worth noting that the shear banding event doesn’t

occur immediately once the load reaches the maximum, but

after an incubation or delayed time tD. With the increase of

loading level, tD is generally reduced unless the pop-in event

occurs in the loading part (in the 10th the cycle). The similar

deformation behavior was also observed in many other alloy

systems (such as Cu-, Fe- and Mg-based metallic glasses).19

This indicates that the delayed shear banding process is a

general phenomenon of MGs. According to the cooperative

shear model,19 the yielding stress of MGs is well known to

decrease with the elevated temperatures T (often in a (T/Tg)2/

3 manner); however, our results clearly seem to suggest that

time also plays a similar role as temperature in reducing the

yielding stress of MGs, if one simply defines yielding as the

occurrence of shear banding. In other words, the yielding

stress of MGs is also time dependent. Based on our experi-

mental data, we estimate that the lowest stress for the

delayed shear banding is about 0.85rY, where rY is the yield-

ing stress for the instantaneous shear band formation.

The enlarged view for the delayed shear banding event

is shown in Fig. 2, where one can see that during the delay

time (�0.5 s), the displacement did not keep at a constant,

but slightly increased under the constant load, indicating a

transient plastic flow behavior. After that, a displacement

burst occurs indicative of a shear banding event. A close ex-

amination of the experimental data showed that the event in

fact involves three stages: the shear band initiation, sliding,

and final arrest. And the three stages is completed in a very

short time (�0.2 s), which is much smaller than tD. This indi-

cates that there is a large variation of strain rate from the

transient plastic flow to the shear banding stage. A simple

calculation showed that the apparent strain rate _e (_e ¼ _h=H,

with _h and H being the displacement rate and the height of

the micropillar, respectively.) varies at least four orders of

magnitude from the transient flow to shear banding, indicat-

ing the occurrence of a significant structural evolution pro-

cess. The internal structural evolution is also reflected from

the change of the apparent viscosity ga, as determined with

the equation ga ¼ 3rA=_ea,3 where rA is the applied stress

and is estimated from the ratio of the applied load to the top

area of the pillar here. The calculated values of ga at differ-

ent stress levels in the transient flow stage are between 1011

and 1013 Pa.s, with an average �1012 Pa.s, comparable to the

viscosity of the MG at the glass transition temperature.3

While the measured ga at the shear banding stage is around

108 Pa.s, a typical viscosity value of the supercooled liquid

region. These values suggest that the delayed shear banding

may be viewed as a stress-induced glass transition process.21

Aside from the thermodynamic view of delayed shear

banding, our question is: How we can mechanistically under-

stand the delayed shear banding behavior? First, we notice

that the structural evolution during the transient plastic flow

should play an important role in the subsequent shear band

formation. Previous studies6,14 also reported the transient

plastic flow or inelasticity of MGs under the sub-yielding

stress, such as the creep under a constant load or the mechan-

ical hysteresis under cyclic loading. These behaviors are

closely related to the heterogeneous atomistic structure of

MGs, which is assumed to be composed of the isolated soft

liquid-like zones and the solid-like matrix.6,16 Upon mechan-

ical loading, the liquid-like zones could accommodate

inelastic deformation through local configurational rear-

rangements and thus act as viscous flow units, while the

solid-like matrix behaves as an elastic scaffold upholding the

integrity of the amorphous structure. In the present study, the

significant softening in the transient flow indicates that these

liquid-like zones may percolate and coalesce,20 which finally

leads to shear instability or shear localization. Second, once

the shear band is initiated, it does not evolve into a steady

sliding but into a strain burst event when the sliding speed

quickly reaches its maximum and then slows down within a

short period of time. This behavior is similar to the serrated

plastic flow observed during the compression of MGs and

has been recognized to arise from the stick-slip process of a

FIG. 1. The typical load-time-displacement curves for the Zr-based metallic

glass micropillars. The loading rate is 105lN/s, and the holding time for

each cycle is fixed at 2 s. The displacement burst (labeled with a circle) on

the holding part indicates the onset of the delayed shear banding behavior.

FIG. 2. The enlarged view for the delayed shear banding event. The process

comprises two stages: the transient plastic flow stage and displacement Pop-

in stage. tD is the incubation time for the Pop-in event.

091904-2 Sun et al. Appl. Phys. Lett. 105, 091904 (2014)



single shear band in recent studies,9,22 for which the elastic

energy is gradually stored in the “stick” phase and then rap-

idly released to serve as the driving force for shear band slid-

ing in the “slip” phase.

Based on the discussions above, here we propose a

dynamic model that involves the evolution of local flow units

to qualitatively understand the delayed shear banding behav-

ior. Upon loading, elastic energies are stored in the micropil-

lar and its base material. As schematically illustrated in Fig.

3(b), the deformation process can be simplified as a sample-

spring system. The elastic constant of the spring k can be the-

oretically derived as k ¼ E=ðH þ 5DÞ by assuming that the

pillar is sitting on a compliant substrate of the same mate-

rial.10,23 In addition to the trivial elastic deformation, viscoe-

lasticity could be triggered due to the activation of the

liquid-like zones that are distributed all over the sample (Fig.

3(c)), which results in the overall transient plastic flow as

seen in our tests. If the inertia effect is neglected, we should

have rA � rf ¼ 0 for the constant loading, where rA and rf

denote the applied stress and the flow stress of the material,

respectively. However, the transient plastic flow will cause

the release of elastic energy and relax the applied stress by

kx where x is the vertical plastic displacement. Thus, in order

to keep the constant loading set by the program, extra load

DP have to be supplied by the experimental setup to com-

pensate for the load drop due to the plastic flow. The

dynamic equation for the system then becomes

rA þ DrA � kx� rf ¼ 0; (1)

where DrA is the extra stress exerted by the nanoindentation

system and should roughly equal kx. As x is small and slowly

increases in the transient plastic flow stage, we assume that

DrA scales with time t in a linear manner DrA ¼ kv0t, where

v0 can be regarded as a fictive loading rate. In this way, Eq.

(1) becomes a typical dynamic equation for the stick-slip

process.13,24 Note that the flow stress rf is a function of the

instantaneous velocity v (v ¼ _x) of the sample and some in-

ternal state variable: rf ¼ rf ðv; stateÞ, which is generally

given as the constitutive law in the viscoplastic theory pro-

posed for MGs.

Here, we use the viscoplastic theory for amorphous sol-

ids proposed by Langer et al.24,25 to describe the constitutive

law during the delayed shear banding behavior. According to

the theory, the shear strain rate _c along the shear direction

(with the shear angle h to the loading axis) is written as

_c ¼ f ðsÞ expð�1=vÞ: (2)

From Eq. (2), it can be seen that _c depends on the shear stress s
through the function f ðsÞ and the effective disorder temperature

v through the Boltzmann factor expð�1=vÞ. The stress factor is

usually given by f ðsÞ ¼ 2e expð�f0Þcoshðs=rdÞð1� 1=sÞ,24

where e, f0, and rd are the parameters with the physical mean-

ings of the strain accumulated per shear operation of local

liquid-like sites, the activation stress, and energy barrier,

respectively. The parameter v serves as the internal state vari-

able and evolves dynamically with the plastic flow. Here, we

adopt the governing partial differential equation used in Ref. 23

_v ¼ _cs
c0

1� v
v̂ð _cÞ

� �
þ @

@z
D _c

@v
@z

� �
; (3)

where c0 is the disorder temperature specific heat and

v̂ð _cÞ ¼ vw= logðq0= _cÞ with vw and q0 being constants. D is

the diffusion coefficient for v along the z direction which is

vertical to the shear direction. Considering the spatial instabil-

ity in the evolution of v, strain localization can be captured by

the theory. Note that all the equations have been non-

dimensionalized, i.e., the time is scaled by the typical rear-

rangement time s0 of the liquid-like sites; the lengths is scaled

by the sample height; and the stress is scaled by the yielding

stress sy. Finally, _c and s are related to x and rf by the geo-

metrical relations: x ¼ cos h
Ð t

0

Ð 1

0
_cdtdz, rf ¼ s=ðsin h cos hÞ.

During the transient plastic flow, v0tD � x; thus, from Eq. (1),

we obtain v0 �
ffiffi
2
p

f ðrA=2Þ
2tD

Ð tD
0

Ð 1

0
expð�1=vÞdtdz where h ¼ 45�

is used here. From these expressions, one can see that the fic-

tive loading rate v0 is determined by the applied stress level

rA; the higher the rA, the larger is the v0, which affects the

delayed shear banding behavior as seen below.

We numerically integrated Eqs. (1)–(3) with all parame-

ters values used in Ref. 23. For the calculations, v0 is varied

to represent different applied stress levels. Besides, to form a

shear band, a small perturbation with the form of

dv exp½�ðz� 0:5Þ2=2dz2� is introduced to add on the initial

homogeneous effective temperature. Here, we use dv ¼
5� 10�3 and dz ¼ 0:075, and the values of dv and dz do not

influence the final width or amplitude of the shear band. Our

calculations show that at certain ranges of v0 and k, delayed

shear banding behavior, similar to what observed in the

experiments, could appear. Figure 4(a) displays the calcu-

lated displacement-time curves at two different typical val-

ues of v0 (v01 ¼
ffiffiffi
2
p

=4� 10�10, and v02 ¼ 1:5v01), which

correspond to the different applied stress levels (rA2 > rA1).

As can be seen from Fig. 4(a), the delayed time for shear

FIG. 3. (a) The sketch for the deformation process for the micropillar and

(b) the stick-slip model for the microcompression where k is the elastic con-

stant for the spring-sample system. (c) Close-up of the plastic flow evolution

at the atomic scale (the shear stress is vertical to the z direction) for the

delayed shear banding. (d) Dynamic evolution of the internal variable (effec-

tive disorder temperature) within the materials along z-direction.

091904-3 Sun et al. Appl. Phys. Lett. 105, 091904 (2014)



band formation is much smaller for the higher applied stress

rA2. In addition, the magnitude of the displacement burst

seems also slightly smaller for rA2. It is noted that the

delayed shear banding behavior only appears in a range of

v0, which corresponds to a narrow range of the applied stress

(0.8� 1) rY , according to our numerical simulations. A

slight increase of the rA, for example, from rA1¼ 0.8 rY to

rA2¼ 0.9 rY , will cause about 1.5 time increase of v0

(v02 � 1:5v01), and the large reduce of the delayed time

which inversely scale with v0. These trends in general agree

with the experimental observations, suggesting that the

model captures the main deformation features of the MG.

We also examined the detailed evolution of the state variable

during the delayed shear banding process. Fig. 4(b) is a plot

of the v and _c as a function of the position z at different

points of the displacement curve. It is clear that, prior to the

pop-in event, the effective temperature is only slightly

increased (point a) at the center of the materials. However,

the dynamic feedback between the effective temperature and

the strain rate quickly amplifies the difference once after the

reflection point (point b), resulting in a rapid growth of the

effective temperature perturbation (point c). At point d, the

perturbation will further grow but its width is not broadened,

indicative of the formation of a mature shear band. Although

the effective temperature can be continuously increased, the

strain rate at point d has begin to slow down compared to

that of point c(see the inset of Fig. 4(b)), until the final arrest

of the band at the end of the burst. The slowing down of

shear-band sliding can be attributed to the exhaustion of the

released elastic energy arising from the stick-slip dynamics

of shear banding.

According to the viscoplastic theory of Langer, the num-

ber density of the liquid-like flow units is proportional to the

expð�1=vÞ, thus the profile of v evolution shown in Fig.

4(b), in fact, reflects the evolution and coalescence process

of local liquid-like flow units. Initially, these local liquid-

like flow units slowly evolve, and this results in the fluctua-

tion on the density of these units. This process involves both

the accumulation and the diffusion of these plastic flow

units. The mechanism for shear band formation is in general

a self-amplification scenario, which has been discussed by

previous studies.26–28 And the localization of the plastic flow

units is a result of local plastic flow evolution and is associ-

ated with the rate dependence of steady-state effective disor-

der temperature.27 The difference of our present study from

previous researches is that after a period of evolution under

the sub-yielding stress, the local flow units could percolate

into a shear band region. This indicates that time should also

be considered as an important factor, in addition to the stress

and temperature, in the flow of metallic glasses. Besides, af-

ter the formation of shear band, the accumulation and diffu-

sion of plastic flow units within the band does not reach a

balance and this manifests as a pop-in event. This is a typical

stick-slip instability, similar to the serrated flow behavior

observed in normal plastic regime of MGs. The simultaneous

spatial and temporal instabilities that appear in delayed shear

banding process may help for understanding the flow nature

and shear localization mechanism in MGs.
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stress. (b) The evolution of the effective disorder temperature distribution in

material at different points of the displacement burst as shown in (a), dis-

playing the initiation, acceleration, and slowing down of the shear banding.

The inset is the corresponding strain rate profile.
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