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In this letter, we report an important experimental finding and theoretical analysis of the

shear-band speed measured in a variety of bulk metallic-glasses. Unlike the prior work, in which

the shear-band speed was regarded as a constant, our current study, based on carefully designed

loading-holding cyclic tests, reveals that the speed of a shear band correlates with its resultant shear

offset. Such a correlation arises as a “size” effect, which could be rationalized with the energy

balance principle and shear-banding dynamics entailing initial shear softening and subsequent

materials recovery. VC 2011 American Institute of Physics. [doi:10.1063/1.3656016]

Plasticity in bulk metallic glasses (BMGs) is well known

to be shear-band (SB) mediated at room temperature (RT),

which manifests as localized plastic flows confined into a

banded region with a nano-scale thickness.1 Unlike

dislocation-mediated plasticity in crystalline materials, the

RT plasticity in BMGs generally exhibits a “size effect,”2–6

i.e., SBs tend to propagate catastrophically if unhindered,

causing brittle-like fracture in large samples; while they tend

to propagate in a “stick-slip” manner in small samples, lead-

ing to serrated plastic flows.

Over the past decades, considerable efforts have been

devoted to understanding the plasticity and the related size

effect in BMGs,1–6 among which one outstanding issue is the

speed of a mature SB. In the literature, measurements of the

SB speed have been attempted by different means, such as

cinematography,7,8 strain gauge,9 and acoustic signal detec-

tion,10,11 but seemingly contradictory results, ranging from

�10 lm s�1 to �1 m s�1, have been reported up to date.

Unlike the speed of dislocation movement in crystals, the

measurable speed of shear-banding in BMGs should be

attached to a simultaneous shearing process, which causes

shear-offset formation along a pre-established shear plane

under compression.5–7,11 Since it is already known that the

magnitude of a shear offset is size dependent in BMGs,5 it is

hence natural to raise the question whether such size depend-

ence still persists in the SB speed. However, in the prior

work, the measurement of a SB speed was performed for a

particular size of shear offset,8,9,12 and there still lacks a sys-

tematic investigation of the size dependence of SB speed in

BMGs. In the present work, we intend to address this ques-

tion using the microcompression approach to measure the

SB speed at different shear offsets.

To conduct microcompression experiments, the

focused-ion-beam (FIB) sequential milling approach4,13 was

utilized to fabricate micropillars on the surfaces of a variety

of BMGs, including Zr-, Ti-, Fe-, Mg-, and Cu-based BMGs

(see supplemental material for their chemical composi-

tions21). Before the FIB treatment, the BMGs were checked

using x-ray diffraction to ensure their amorphous structure

(not shown here) and then mechanically polished to a mirror

finish on their surfaces. The details of the FIB milling have

been described elsewhere4,13 and a total of 31 micropillars

was fabricated on the BMG samples with the diameter and

aspect ratio ranging from �1 to �2 lm and 2:1 to 4:1,

respectively. Afterwards, microcompression experiments

were conducted on the modified Hysitron
TM

nanoindentation

system, which has the resolution of �1 nm in displacement

and �1 lN in load and was then equipped with a 10-lm flat-

end diamond punch.

Unlike the previous microcompression experiments,12

the load function we adopted here is composed of multiple

“loading-holding” cyclic tests, as shown in Fig. 1(a). The ex-

perimental set-up came out of an inspiration gained from the

recent findings of anelasticity in BMGs,14–16 which implies

that yielding in BMGs may result from the percolation of

local anelasticity events. If that was so, yielding might be

triggered by a time-dependent process at an appropriate

stress level. To facilitate data collection, the holding load

was programmed to start from �80% of the estimated quasi-

static yielding load and then increased by �5% per cycle. It

should be noted that the loading rate was varied from

5� 102 lN/s to 1� 105 lN/s in an effort to assess the possi-

ble loading-rate effect on pop-in, as discussed in Ref. 17,

while both the holding and unloading time were set at �2 s,

which suffice to relax anelastic deformation in the micropil-

lars according to the previous findings.14 As such, the

remaining deformation during the holding time, if there were

still any, should result from the local plasticity events in the

micropillars.

Figure 1(a) shows a whole time-displacement curve cor-

responding to the load spectrum designed. As seen, the

micropillar deforms initially in an apparent elastic manner,

which is validated by the full recovery of the micropillar de-

formation after unloading. However, with the increasing

load, yielding finally occurs, causing displacement burst or

pop-in. Within our expectation, these pop-in events took

place mainly during the holding periods, as clearly seen in

Figs. 2(b)–2(d). After the finish of the test, it was found that

a)Authors to whom correspondence should be addressed. Electronic

addresses: mmyyang@polyu.edu.hk (Tel.: 852-2766-6652) and chainliu@-

cityu.edu.hk (Tel.: 852-3442-7213).
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the number of pop-in was in good agreement with that of the

SBs observed on the micropillar. The experimental observa-

tions indicate that each pop-in event corresponds to one SB

operation in the micropillar. Furthermore, it is worth point-

ing out that the loading rate was found to play little role in

determining the size of the pop-in occurring during holding,

which validates our experiments as a size-effect study in

which the possible rate effect has been ruled out.

As a highlight, Fig. 2(a) presents the details of the load

and displacement versus time data, which characterize the

pop-in event occurring during holding. Similar to the previ-

ous observations,8,9 the SB seemingly experienced four

stages of propagation, i.e., acceleration, sliding, deceleration,

and final arrest in the deformed micropillar. However, atten-

tion should be drawn to the well-maintained load constancy.

Even at the instant of pop-in, the applied load only drops by

�5 lN, which is negligibly small and only counts up to

�0.2% of the programmed holding load. Following the

method of Song et al.,8 the displacement rate, _h, which corre-

sponds to the stage of viscous gliding as shown in Fig. 2(b),

was used to calculate the SB speed, V, for a given displace-

ment jump Dh. Assuming the shear angle h � 45� [Fig.

2(c)], one can obtain the SB speed and the corresponding

shear offset s as V ¼ _h= cos h and s ¼ Dh=cos h, respec-

tively. Figure 3 presents the results of the SB speed so

obtained as a function of s from different BMGs. Regardless

FIG. 1. (Color online) (a) The overall

time-displacement displacement curve

(black) displaying five pop-in events

triggered at five consecutive holding

periods (as indicated by the numbers)

and the corresponding load spectrum

programmed for the microcompression

experiment; (b) to (d) the enlarged views

of the five pop-in events.

FIG. 2. (Color online) (a) The enlarged view of the discontinuities in the

collected mechanical signals featuring a delayed pop-in event triggered in

the holding period; (b) the portion of the time-displacement curve used to

measure the displacement jump Dh and the corresponding characteristic dis-

placement speed, _h, for the pop-in event; and (c) the sketch illustrating that

the displacement-jump forms as the upper part of the micropillar glides

along the inclined shear plane with the lower part of the micropillar remain-

ing rest.

FIG. 3. (Color online) The double logarithmic plot of the measured shear speed

versus shear offset for six types of BMGs with A¼Zr55Pd10Cu20Ni5Al10,

B¼Cu46.25Zr44.25Al7.5Er2, C¼Ti40Zr25Ni3Cu12Be20, D¼Zr55Cu28Ni5Al10Nb2,

E¼ (Fe44.3Cr5Co5Mo12.8Mn11.2B5.9)98.5Y1.5, and F¼Mg58Cu31Nd5Y6.
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of their chemical compositions, the measured SB speeds

clearly exhibit a “size” effect, i.e., the larger is the shear off-

set the higher is the SB speed and seemingly follow a same

trend that can be fitted by a power law. Nevertheless, it is

worth mentioning that fitting the individual trend of the size

effect obtained for different BMGs reveals a possible mate-

rial dependence in the size-effect phenomenon, the details of

which, however, have exceeded the scope of the current

investigation and will be studied as our future work (see sup-

plementary material for the fitting of the individual trend of

the size effect21).

To rationalize the observed size effect, let us turn to the

kinetics of shear-banding in BMGs. At any instant of SB

propagation, the energy balance should be maintained irre-

spective of the BMGs chemical composition, which can be

expressed in a rate form as _W ¼ _Ue þ _K þ _D, where W, Ue,

K, and D denote the work done by an external agent, the

elastic energy storage, the kinetic energy, and the plastic

energy dissipation, respectively, and the over-dot represents

the time derivative of a physical quantity. For our microcom-

pression experiments, in which the shear band propagates at

a holding load, it can be deduced that _W ¼ P _h ¼ s0AsVs,

where s0 is the initial shear stress, Vs the instantaneous shear

speed, and As the area of the shear plane; K ¼ 1=2meV2
s ,

where me is the effective mass of the micropillar moving

along with the shear band and D ¼ As

Ð
sðtÞVsdt, where sðtÞ

denotes the instantaneous shear strength remaining on the

shear plane. Note that owing to the limited shear offset as

compared to the pillar’s diameter, any change in As due to

the SB propagation is neglected here for simplicity. Combin-

ing the above equations, one can derive the following for-

mula for the instantaneous shear speed Vs:

VsðtÞ ¼
As

me

ðt

0

½s0 � sðtÞ�dt� 1

As

ðt

0

dUe

ds
dt

8<
:

9=
;: (1)

Based on the prior work,5,18 it is known that BMGs experi-

ence initial shear softening and subsequent recovery in a

shear-banding event. Theoretically, such a physical picture

of shear-banding dynamics can be inferred from Eq. (1).

When shear softening dominates the material behavior, the

elastic energy stored in the vicinity of the shear band is

released (dUe/ds< 0), which is accompanied by the increase

of Vs; however, at the later stage of recovery, the elastic

energy storage is regained (dUe/ds> 0) with the material

hardening and diminishing shear speed. To obtain the maxi-

mum shear speed, one can solve _Vs tð Þ ¼ 0 for the critical

time, tc, and substitute tc into Eq. (1) to derive its full speed

V¼Vs(tc). In our experiments, the shear speed measured

from the stage of viscous gliding is an experimental approxi-

mation of Vs(tc).
To shed light on the cause of the size effect, Eq. (1) needs

to be transformed. After the necessary mathematic arrange-

ments (see supplementary material for details21), one could

reach a simple relation, V ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C1Due þ C2DC
p

, where C1 and

C2 are two material dependent constants; Due is the volumet-

ric density of the elastic energy released up to the time tc, and

DC can be understood as a normalized complementary energy

dissipation and proportional to
Ð sc

0
½s0 � sðsÞ�ds with sc denot-

ing the shear displacement at tc. Given such a relation, the

size effect on the shear speed can be explained as a manifesta-

tion of the known size dependence of the elastic energy

release, Due, in BMGs, i.e., the larger is a shear offset the

more is the normalized elastic energy released upon shear

banding. The cause of the size effect on Due has been dis-

cussed thoroughly in the literature2,5,6,19 and can be generally

ascribed to the dimensional misfit between the three-

dimensional elastic energy release and two-dimensional plas-

tic energy dissipation during shear-banding in BMGs. Apart

from that, it is obvious that the complementary energy dissipa-

tion DC also contributes to the size effect at constant loading.

However, in conventional tests with load serrations, the

applied load drops with s(t), which tends to nullify the effect

of DC.

In summary, the dependence of the SB speed on the

shear offset in BMGs is uncovered in this study. Due to the

generality of energy balance, it appears universal for the

physical origin of this emerging size effect as compared with

those of many other similar phenomena already found for

BMGs, such as the sample size effect on malleability,2,5

shear offsets,20 and thermal profile around a SB.6
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