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Shear-band velocities of individual shear bands in ZrxCu90�xAl10 (x¼ 45–65) metallic glasses were

investigated as a function of temperature and Zr-content. The apparent activation energy of the

shear-band propagation dynamics increases with Zr-content, giving evidence for the sensitivity of

inhomogeneous plastic flow and related time scales to chemical composition. The shear-band

viscosities derived display a Zr-content trend which contrasts with equilibrium viscosities in the

supercooled liquid regime. These findings are discussed in terms of effective temperature and

short-range order. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867240]

Metallic glasses (MGs) are promising candidates for

structural components. With a propensity for brittle failure,

applications of MGs currently focus on elastic properties.

However, depending on temperature and straining condi-

tions, MGs can also be strained plastically by a considerable

amount. They can exhibit large homogeneous ductility at

temperatures around and beyond the glass transition temper-

ature Tg.1 For some alloys, stable plastic flow may also be

observed in both tension and compression well below Tg.2

Because runaway cracks are inhibited, plastic strain at failure

in compression exceeds values obtained in tension by far and

is therefore better suited for studying the dynamics of the

underlying carriers of macroscopic plastic flow, i.e., nm-thin

shear bands.3–5

Depending on temperature and strain rate, compressive

flow curves are smooth (non-serrated) or discontinuous (ser-

rated).6 This is a direct result of the structural, atomistic dy-

namics in the activated shear band. Indeed, the transition

between these two flow modes is known to be thermally

activated,7–9 a phenomenon which more recent investiga-

tions have linked to the thermally activated nature of shear-

band propagation dynamics.10 The temperature and

rate-dependent transition between serrated and non-serrated

flow was shown to reflect a competition between experi-

mental time scales (applied strain rate) and structural relax-

ation kinetics.9,11,12

These new insights into shear-band dynamics rely on the

fact that a specific serration can be directly linked to the oper-

ation of one shear band only. While this has been debated

intensely,13–15 our own efforts to trace the shear offset of a

single shear band for consecutive serrations,12 as well as

state-of-the art high-speed camera studies by Wright et al.,16

clearly demonstrate a 1:1 correlation. In addition, Wright and

co-workers made a valuable contribution towards resolving

the long-standing question of whether a shear band propa-

gates via simultaneous motion across its entire shear plane, or

rather via a propagation front mechanism.16 Their high-speed

imaging experiment revealed simultaneous sliding along the

shear band, supporting previous work.15,17 With this in mind,

shear-band propagation velocities can be captured provided

that a sufficiently high data sampling rate is used, to generate

real-time information on shear-band dynamics.

Up to now our efforts have concentrated on

temperature-dependent shear-band dynamics, targeting shear-

band initiation,18 propagation,10,12 and arrest11 of Vit105

(Zr52.5Cu17.9Ni14.6Al10Ti5). In this study, we extend our

efforts to compositional effects, with the aim of understanding

and eventually controlling shear banding in MGs and there-

fore low-temperature malleability.

In this Letter, we report on shear-band dynamics meas-

urements in the system ZrxCu90�xAl10, with x¼ 45, 50, 55,

60, and 65. This system was chosen because of its proximity

to Vit105, with the additional benefit of detailed knowledge

on compositionally related changes in local structure pro-

vided by molecular dynamics simulations.19

For the ZrxCu90�xAl10 (x¼ 45–65) MG production,

high-purity pre-alloys (raw material purity: Zr-99.9%,

Cu-99.995%, Al-99.999%) were prepared in an arc-melting

furnace. Ten cycles of re-melting and flipping were performed

to ensure the best possible chemical homogeneity. Rods of

2 mm in diameter were obtained by suction casting. The glassy

material was subsequently shown to be amorphous using

X-ray diffraction and to have a glass transition in differential

scanning calorimetry (DSC, not displayed here). As shown

elsewhere, the glass transition of the MGs decreases with

increasing Zr-content.20 Compression specimens with a length

of 4 mm were cut from the rods. The top and bottom surfaces

of each sample were made plane-parallel via grinding and pol-

ishing. Following the procedure outlined in Ref. 21, the sam-

ples were notched (depth 150 lm, orientation 45�) via electric

discharge machining with a 100 lm thin copper wire, in order

to avoid shear-band initiation at contact points of the sample

with the cross-head platens of the testing machine, which

would generate constrained shear-band dynamics. Thus the

data displayed in the following represent constraint-free major

shear banding in the absence of geometrical arrest.

Temperature-dependent (200 K–320 K) compression tests were
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conducted at a strain rate of 10�4 s�1 to 10�3 s�1 and a data

sampling rate of 5 kHz. Further details of the experimental

setup are found in Ref. 12. For each serration occurring, we

derived the shear-band velocity, vSB, according to12

vSB ¼
ffiffiffi

2
p Dupl

Dt
¼

ffiffiffi

2
p Du0 þ DFCs

Dt
; (1)

where Dupl is the true plastic displacement and Dt is the du-

ration of a single slip event. The pre-factor accounts for the

shear-band angle of approximately 45� relative to the loading

axis. The term Dupl is expressed as the sum of the measured

displacement jump Du0 and a correction factor, given by the

product of load drop DF and sample compliance Cs, which

accounts for the amount of elastic displacement that is con-

verted into plastic displacement during the instability.

Figure 1(a) shows the engineering stress-strain curves for

the compositions studied at 243 K. It is notable that the data

in Fig. 1(a) exhibit no apparent strain hardening or constant

flow-stress plateau. Indeed, all curves show pronounced strain

softening, which we attribute to the geometrically unhindered

propagation of a major shear band initiated at the notch.

Further, the strength ry decreases with increasing Zr-content,

following the same trend as the glass transition temperature.

This is in general agreement with the existence of a universal

yield criterion in metallic glasses.22 As an example, the inset

to Fig. 1(a) displays a stress-time trace for a series of serra-

tions in Zr65Cu25Al10, indicating a very regular spacing that

is observed across all compositions. In Fig. 1(b) the

shear-band velocities, derived from the same curves as pre-

sented in Fig. 1(a), are depicted as a function of plastic engi-

neering strain. We define plastic engineering strain to be zero

where the maximum stress is reached, which coincides well

with the elastic-plastic transition. The shear-band velocity as

a function of plastic strain shows a semi-circular behavior,

spanning almost one order of magnitude in vSB. Due to lim-

ited malleability, this velocity-strain scaling is not observed

for Zr45Cu45Al10 at 243 K. At this stage it is clear that both a

strain and compositional dependence of vSB is found. The

non-monotonic trend of vSB as a function of Zr-content can-

not be straightforwardly characterized with a single parame-

ter. We have thus explored five different methodologies,

which are (i) an average velocity from 0 to 0.25% plastic

strain, termed vSB-1, (ii) an average velocity from 1 to 1.5%

plastic strain, called vSB-2, (iii) an average velocity of all val-

ues centered symmetrically (60.25%) around the maximum

shear-band velocity, termed vSB-max, (iv) averaging all values

from zero plastic strain to the maximum shear-band velocity,

called vSB-mean, and finally (v) the slope of a linear fit of the

increasing regime up to the maximum velocity (vfit).

Figure 2 summarizes the calculated shear-band velocities

(at 243 K) for all five approaches taken and demonstrates the

robustness of the analysis method: irrespective of the strain re-

gime, the shear-band velocity decreases with increasing Zr-

content. The same trend is observed for vfit. In the following

we focus our analysis on vSB-1, motivated by the ability to also

capture the dynamics of the Zr-poor alloy (x¼ 45).

As a next step, the temperature-dependent shear-band

velocity for all alloy compositions was investigated. Figure

3(a) plots vSB-1 as a function of the Zr-content for T¼ 223,

243, 263, and 283 K. For all temperatures studied, the

shear-band propagation velocity decreases with increasing

Zr-content. Note that for x¼ 45 and 50 a ductile-to-brittle

transition is observed at about 243 K, and therefore vSB-1

could not be evaluated at larger T. Such ductile-to-brittle

transitions below Tg have already been reported for Vit105

(Ref. 9) and for a series of Au-based metallic glasses.23 The

temperature-dependent shear-band velocity can now be con-

verted into shear-band viscosities (Fig. 3(b), as an example

for T¼ 243 K) via24

FIG. 1. (a) Flow curves for ZrxCu90�xAl10 at 243 K. The inset shows a

close-up of the serrated flow regime for the alloy with x¼ 65. (b)

Shear-band velocities obtained from the flow curves in (a) as a function of

plastic engineering strain eplastic.

FIG. 2. Compositionally dependent shear-band dynamics at 243 K, assessed

according to five different one-parameter description methods. Lines are

guides for the eye.
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gSB ¼
s w

vSB

; (2)

where s is the shear stress, i.e., ry=2:01, and w is the shear-

band thickness, here taken as 10 nm.3,25,26 We have seen that

with increasing Zr-content, s (or ry) decreases (Fig. 1). The

decrease in this direct stress term over the tested composi-

tions is, however, small compared to the pronounced

decrease in vSB. The result of Eq. (2) is thus a shear-band vis-

cosity which increases with increasing Zr-content (Fig.

3(b)).

In agreement with our earlier work,10,12 it is found that

the shear-band velocity obeys an apparent Arrhenius behav-

ior for all alloys. Figure 4 displays vSB-1 as a function of 1/T,

where the shear-band velocities cover three orders of magni-

tude ranging from 0.01 to 10 mm/s over the temperature re-

gime tested. The experimental data are fit with an

Arrhenius-type function, for which the resulting lines are

also shown in Fig. 4. We note that the trend in Fig. 4 is true

for any of the five parameters presented in Fig. 2. Table I

summarizes the apparent activation energy, QSB-1, obtained

from vSB-1, and an average value, �Q; obtained by averaging

the apparent activation energies of all evaluation methods.

The standard deviation, �r, and the mean fitting error, �D, for
�Q are also given.

Due to the limited ductility of the Zr45Cu45Al10 alloy

only vSB-1 was used to analyze �Q for that composition. We

find that the activation energy ranges from 0.28 to 0.35 eV.

Over the entire range of Zr-content, a slight increase in the

activation energy is seen, predominantly manifested by

x¼ 60 and x¼ 65. For comparison Table I also includes the

apparent activation energy for shear-band propagation veloc-

ities derived for Vit105.10,12

The experimental data outlined above thus demonstrate a

slowdown of the shear-band dynamics, i.e., an increasing bar-

rier against sliding, of ZrxCu90�xAl10 MGs with increasing

Zr-content. Before searching for the origin of this composi-

tional trend, it is instructive to investigate which of the factors

in Eq. (1) are responsible for the slowdown in kinetics with

increasing Zr-content at a given temperature. The data

acquired reveal that the dominating effect arises from an

increase of approximately one order of magnitude in Dt with

an increasing amount of Zr (not shown) whereas the slip-size

magnitudes remain similar within a factor of 2; a degree of

scatter that is difficult to separate from the spread within a sin-

gle test. Based on this and on the fact that a velocity profile

during a stress drop has a symmetric profile,11 we can conclude

that Dt¼ sacceleration þ sdeceleration� x, i.e., the atomistic time

scales of the underlying processes increase with an increasing

amount of Zr, under the assumption that shear-band accelera-

tion and deceleration contribute equally. Consistent with the

increase of QSB-1 and �Q as a function of Zr-content, it is found

that the shear-band velocity decreases and the transient viscos-

ity according to Eq. (2) increases.

Since shear softening in conjunction with shear-band ini-

tiation is viewed as a mechanically induced glass transition,27

which can be described by a rise in the material’s effective

temperature,28,29 it seems natural to compare shear-band vis-

cosities to equilibrium viscosities obtained directly in the

supercooled liquid regime. In so doing, we find that the equi-

librium viscosities30 follow a compositional trend opposite to

the one displayed in Fig. 3(b): equilibrium viscosities are

lowest for Zr-rich alloys. Clearly, absolute viscosity values

should not be directly compared because the shear-band

FIG. 3. (a) Shear-band velocity vSB-1 at different temperatures as a function

of the Zr-content. (b) Shear-band viscosity at 243 K as a function of the

Zr-content. Lines are guides for the eye.

FIG. 4. Arrhenius representation of the temperature dependence of vSB-1.

Lines are fits using a simple Arrhenius-type function.

TABLE I. Apparent activation energy QSB-1, average activation energy �Q,

standard deviation �r, and averaged fitting error �D as a function of the

Zr-content x. The data for Vit105 were obtained from Refs. 10 and 12.

x (at. %) QSB-1 (eV) �Q (eV) �r (eV) �D ðeVÞ

45 0.28 6 0.09 0.28 … 0.09

50 0.26 6 0.05 0.29 0.03 0.03

55 0.30 6 0.03 0.28 0.02 0.02

60 0.30 6 0.02 0.32 0.02 0.03

65 0.35 6 0.04 0.35 0.01 0.03

Vit105 0.32 … 0.01
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viscosity describes a transient, nanoscopically confined state.

However, if the effective temperature rise upon yielding was

the same for all alloys, one would expect that the mere com-

positional trend of shear-band viscosity would be identical to

that found in equilibrium. Our measurements show that this

is not the case, pointing to an effective temperature rise DTe

that is indeed composition-dependent, meaning that shear

bands in Zr-poor alloys undergo a larger effective tempera-

ture rise. One of the reasons for this may be the higher yield

stress level at lower Zr-content (which must be considered as

the driving force for a mechanically induced glass transition),

but also to some extent the different changes in the short-

range atomic structure.

While it is difficult to directly assess the atomic struc-

ture within an active shear band, atomistic modelling pro-

vides a conclusion which is qualitatively similar to that of

the effective temperature. Molecular dynamics simulations

of a Zr–Cu–Al MG have been shown to contain a distinctly

occurring short-range order in the form of icosahedra.19

These studies by Cheng et al. provided evidence that the

fraction of icosahedra in Cu46Zr54 increases upon substitu-

tion of Zr by Cu or Al. Based on this, it can be argued that in

our study a larger fraction of atoms is contained in icosahe-

dra in the Zr-poor alloys. Upon yielding, it has been shown

that the backbone of the icosahedra breaks,31 which conse-

quently leads to a reduction in flow resistance, here either

expressed by the apparent viscosity (Fig. 3(b)) or the activa-

tion energies in Table I. This effect is more pronounced for

the Zr-poor alloys studied, and thus provides a qualitative

understanding, in good agreement with the trends displayed

in Figs. 3(b) and 4.

In summary, we have investigated the compositional de-

pendence of shear-band propagation velocities of a single

shear band in the ternary Zr–Cu–Al MG system. Faster and

less viscous shear dynamics characterize Zr-poor systems.

All the alloys studied exhibit thermally activated shear-band

dynamics with apparent activation energies that increase

slightly with increasing Zr-content. This and the millisecond

time scales measured for shear-band propagation clearly

show that the shear-induced softening is due to dilatation

rather than local adiabatic heating. The shear-band velocity

also shows a clear dependence on plastic strain, which is

found to have a negligible effect on the activation energy.

The higher resistance to shear-band propagation in Zr-

rich alloys can be understood by taking into account a

lower effective temperature jump upon yielding of Zr-

rich alloys. This also concurs with recent molecular dy-

namics simulations that ascribe a reduced flow resistance

to Zr-poor alloys on the basis of breaking icosahedral

short-range order.
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