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In contrast to the nano-sized shear bands in metallic glasses at room temperature, a millimeter-

sized shear band is observed in the flow of supercooled metallic liquid. To understand the precipita-

tion of the observed millimeter-sized shear band, an empirical approach to characterize the

dynamic correlation between the flow units is proposed based on the transient mechanical response

in the flow of supercooled metallic liquid. The characterized dynamic correlation well reproduces

the staged-feature of the Van Hove’s self-correlation function and explains the precipitation of

shear band. Besides, for the dominant dynamic correlation approaching the glass transition temper-

ature Tg, glass transition is suggested to be more than frozen. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4906603]

Since viscosity, the resistance of flow, is intimately

related to glass transition,1 the flow of glass is thought of as

the entrance to the physics beneath the sluggish glassy dy-

namics.2,3 Metallic glasses4 are expected to exhibit appreci-

able flow5 for the non-oriented and non-saturated character of

metallic bonds and to be an ideal research subject. In the flow

of metallic glass, the precipitation of sharp nano-sized shear

band is of special eccentricity due to its limited scale in thick-

ness, which is usually of several tens of nanometers,6 regard-

less of loading rate. It is unlikely that the adiabatic shear

effect commonly observed in high rate deformation of crystal

alloys is the main cause,6 because adiabatic shear band could

be hundreds of micrometers in thickness,7 3 orders of magni-

tude larger than its counterpart in metallic glasses, at least.

Not specific to metallic glasses, in granular materials and col-

loids, where shear bands are frequently seen, the shear band-

ing thickness is observed to be universally of about ten

particle diameters suggesting a universal structure origin.8–10

Thereby, the shear banding process would be a key to the

entrance.

In the flow theory of glasses, a core-shell concept of ele-

mentary flow unit has been proposed11–13 based on the

dynamic heterogeneity14,15 of glasses, i.e., coexistence of

liquid-like and solid-like regions, which develops as the liq-

uid being cooled toward and below glass transition.3 The

core (liquid-like region, or envisaged as the sites of higher

free volume concentration) affords structure rearrangement

in flow and the shell (solid-like region), acting as elastic ma-

trix to carry external load and on which the internal Eshelby

stress develops, mediates the correlation between the activa-

tions of individual flow units.16 Although significances of

the dynamic correlation, which works as the correlation

between individual flow units in shear banding, has been rec-

ognized,17–19 an effective characterization on the spatial and

temporal scales of this effect remains elusive.14 In addition,

for the extremely fast nucleation and propagation of shear

band in metallic glasses,20 it is difficult to investigate the

shear banding process at room temperature.

In this letter, for the millimeter-sized shear band

observed in the flow of supercooled metallic liquid and the

homological structure of glasses and supercooled liquids, to

understand the precipitation of shear band and its relevance

to the dynamic correlation between the flow units, an empiri-

cal approach to characterize the dynamic correlation is pro-

posed based on the transient mechanical response in the flow

of supercooled metallic liquid. Besides, based on the charac-

terized dynamic correlation approaching Tg, glass transition

is implied to be more than frozen.21,22

Rods of 3 mm in diameter of bulk metallic glasses Zr58.5

Cu15.6Al10.3Ni12.8Nb2.8 (at. %, Vit106a) of which the thermal

properties have been thoroughly studied23,24 were prepared,

and cylindrical specimens of aspect ratio25 1:1 were carefully

machined to ensure the two ends being parallel. The high tem-

perature compressive stress-strain (SS) curves were obtained

above Tg-end¼ 703 K (the end of glass transition temperature)

with a Zwick/Roell mechanical testing system equipped with

an air furnace. The morphology of the samples after deforma-

tion is characterized by Quanta-200 SEM. The test tempera-

ture was selected to be 703 K, 713 K, 723 K, and 733 K.

Compression tests at strain rates from 10�3 s�1 to 100 s�1

were carefully selected to guarantee the endurance of the test

less than 300 s.23,24 The samples after deformation were also

examined by thermal analysis and X-ray diffraction to main-

tain the amorphous state. More details of the experimental

procedure can be found elsewhere.26

Fig. 1 shows the morphologies of the supercooled metal-

lic liquids before (a) and after compression (b)–(d). The cast

fins formed due to the gap between the two copper half-

molds serves as a clear indicator of the deformation mode,

where both homogeneous deformation Fig. 1(b) and brittle

fracture (usually seen in the compression test at room temper-

ature) Fig. 1(c) can be observed. In contrast to the nano-sized

shear band commonly observed at room temperature, at

723 K and a strain rate _e of 5 s�1, a shear band of millimeter

in thickness which is judged by the distortion deformation of
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the cast fins, as shown in Fig. 1(d), seems meaningful, for the

homological structure of supercooled liquids and glasses and

the significance of dynamic correlation which works as corre-

lation between individual flow units in shear banding. In the

flow of supercooled metallic liquid, the spatial and temporal

correlation between flow units proves to be of special impor-

tance by the presence of oscillated SS response,26 which

reflects the microscopic activation behavior of individual

flow unit on macroscopic scale. More recently, it has also

been revealed within a flow units-based constitutive model

that the stress overshoot and the post-yielding flow of metal-

lic glasses are closely determined by the dynamic operations

of flow units and the free volume dynamics, respectively.27

Based on these results, an experimental characterization on

the dynamic correlation between flow units is provided to

understand the precipitation of the observed millimeter-sized

shear band.

A group of SS curves of supercooled metallic liquids is

shown in Fig. 2(a). It can be seen that at strain rate _e above

0.05 s�1, a stress overshoot, i.e., the stress decreases after

yielding and reaches a plateau, emerges on the SS curves.

Before localized fracture sets in at _e¼ 2 s�1, the width of

stress overshoot increases with strain rate. At _e below

0.02 s�1, the SS response of which the stress increases monot-

onously to a plateau without a stress overshoot usually with

the viscosity almost being a constant is considered as

Newtonian mode flow,28 i.e., the system remains in the meta-
equilibrium supercooled state, indicating the well coupled

temporal and spatial correlation in flow. To explore the origin

of shear banding, we mainly focus on the shear thinning re-

gime with a stress overshoot where the supercooled liquid

evolves out of its initial configuration.16 Therefore, the char-

acterization of correlation can be justified as follows.

Macroscopically, the sample before flow is in an initial meta-

equilibrium state, and the flow state with the stress being a

constant can be considered as a final steady state under the

exerted external stimulus, i.e., flow rate. In turn, the SS

response is the output signal of the system in the transition

from its initial state to the final flow state which is determined

together by the flow rate and the Maxwell relaxation

time,29,30 as the post-yielding flow strongly depend on the

relaxation dynamics of free volume of metallic glasses, i.e.,

the diffusion, creation, and annihilation of free volume.27

Microscopically, taking a flow unit as an example, its activa-

tion will exert a back stress on surrounding elastic matrix.

Upon yielding (as the stress climbing over the peak stress of

the overshoot), the correlation between flow units mediated

by the back stress is assumed to assemble the cooperative

activation and percolation of flow units to afford the exerted

flow state accompanying the breakdown of back stress along

the downward side of the stress overshoot,16 as supported by

the conclusion that stress overshoot is closely determined by

the dynamic operations of flow units.27 Accordingly, as

shown in Fig. 2(b), a transient time Dt is defined as the time

required for the flow stress to reach a constant, which is

assumed to be an index of the transition time from the initial

meta-equilibrium state to the final percolated state, i.e., the

temporal correlation between flow units. On the other hand,

for the stress overshoot reveals the breakdown of the back

stress16 and also for the increasing overshoot strain De and

overshoot stress Dr with _e, De is assumed to be an index of

the number of cooperatively activated flow units,27 i.e., the

spatial correlation between flow units.

FIG. 1. The morphology of supercooled metallic liquid before and after

compression test: (a) before deformation, (b) homogeneous deformation, (c)

shear localized fracture, and (d) shear band of millimeter in thickness at

723 K and a strain rate of 5 s�1.

FIG. 2. Characterization of dynamic correlation: (a) Typical SS curves of

supercooled metallic liquid, the ones with stress overshoot are focused on;

(b) schematic illustration of determining the transient time Dt and the over-

shoot strain De.
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Based on the illustrations above, Fig. 3(a) shows the

transient time Dt of supercooled metallic liquids in flow. It is

shown that Dt decreases with _e at all temperatures indicating

the rapid assembling process of flow units and reproduces the

staged-feature of the Van Hove’s self-correlation function

Fð~k; tÞ ¼ hexp fi~k � ½~riðtÞ �~rið0Þ�gi fairly well,3,31,32 where t

is the time; ~k is the wave vector;~riðtÞ is the position vector of

the i-th particle at t instant, taking Dt as the correlation inten-

sity, _e as the equivalent time, and the temperature T as the

control parameter3,31,32 of the dynamic correlation between

flow units. Specifically, at lower temperature of 703 K and

713 K, the transient time shows steeper decreasing tendency

with _e and at sufficiently high rate, similar to below Tg, shear

fracture of sharply localized form in Fig. 1(c) bursts, suggest-

ing the dominant dynamic correlation.26 While at relatively

higher temperature of 723 K and 733 K, the transient time

decreases much slower and a two-staged31 variation can be

observed, implying that the dynamic correlation (stage I)

becomes less distinct enabling the strain rate softening (stage

II) to exist and the shear band in Fig. 1(d) to occur. Fig. 3(b)

shows the overshoot strain De in flow. It can be seen that De
increased with _e at all temperatures. As indicated by the

dashed line, a change in the increasing mode can be observed

as the curves exhibit a concave feature (exponential-like) at

703 K and 713 K and a convex feature (logarithmic-like) at

723 K and 733 K. This result again indicates the dominant

dynamic correlation near Tg, corresponding well to Fig. 3(a).

With the results in Fig. 3, the non-monotonic evolution of

dynamic correlation33 approaching Tg can be effectively char-

acterized. Moreover, the dynamic correlation is more distinct

approaching glass transition for its steeper increased spatial

scale and decreased temporal scale. This decoupling3 of the

spatial and temporal aspects of correlation, i.e., increased

spatial scale and decreased temporal scale, from the initial

meta-equilibrium supercooled state with increasing flow rate

demonstrates the critical role of dynamic correlation in the

precipitation of shear band.

The picture of shear banding in supercooled metallic

liquids is illustrated in Fig. 4. The yellow circles represent

elastic matrix and the brown circles represent potential sites

of flow units. Internal back stress indicated by the short

dashed arrow will develop between flow units over the elas-

tic matrix in flow. Via the back stress (i.e., Eshelby stress)

between flow units, correlation between flow units works.

Upon yielding, the correlation effect assembles the spatial

cooperative activation of flow units which is reflected by the

right flank of stress overshoot and the percolation of flow

units which is underpinned by the diffusion of free volume

(i.e., Maxwell relaxation) and revealed as the transient pro-

cess in flow.16 With increasing flow rate, the diffusion dis-

tance of free volume (dashed circle in Fig. 4) is highly

constrained for the decreasing transient time and the spatial

correlation increases rapidly to diverge. Correlation between

nearest neighbor granular particles in the form of normal

interfacial force has been reported as a structure signature of

jamming.34 As flow units or excitations in space-time can be

described in trajectory phase space, in the same way as gran-

ular particle in Euclidean space,3 and the back stress works

FIG. 3. Dynamic correlation extracted from the SS response, the solid lines

are drawn as eye guides. (a) Temporal correlation between flow units

reflected by transient time Dt on the stress-time curve with increasing strain

rates at 703 K, 713 K, 723 K, and 733 K reproducing the staged-feature of

the Van Hove’s self-correlation function, the dashed line indicates the two-

staged variation tendency of Dt at 723 K and 733 K; (b) spatial correlation

between flow units reflected by overshoot strain De on the stress-strain curve

with increasing strain rates at 703 K, 713 K, 723 K, and 733 K. The dashed

line indicates the change of the form of the curves, i.e., concave at 703 K

and 713 K and convex at 723 K and 733 K.

FIG. 4. Schematic illustration of flow units and dynamic correlation, the

yellow atoms represent elastic matrix and the brown atoms represent

potential sites of flow units. Upon loading, back stress (Eshelby stress)

develops between flow units over the elastic matrix. The level of back

stress determines the spatial correlation and the free volume diffusion dis-

tance to percolating determines the temporal correlation between flow

units. With increasing flow rate, the diffusion of free volume underlying

the temporal correlation will be highly constrained and the spatial correla-

tion will diverge.
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in the same way as the interfacial force, the increasing corre-

lation with _e would finally drive the supercooled liquid to

non-ergodic and jamming and induce shear banding.21,35 So

would be the case for the adiabatic shear band of hundreds

of micrometers in thickness corresponding well to the shear

banding of millimeter in thickness in glass, taking crystals as

“phonon glasses.” As shear banding of supercooled metallic

liquid is observed at temperatures where correlation is slight,

as shown in Fig. 3, and only localized shear fracture in Fig.

1(c) and sharp nano-sized shear bands exist at temperatures

where correlation is prominent, noting the drastically

increased dynamic correlation with flow rate at temperature

close to Tg (e.g., at 703 K and 713 K, as shown in Fig. 3), it

is concluded that dynamic correlation dominates near

and below Tg and glass transition is more than jamming or

frozen.22 For the dominant correlation, which develops with

the precipitation of dynamic heterogeneities15,36–38 approach-

ing glass transition, it is anticipated that advanced specific

structure characterization on the density fluctuation or hetero-

geneity, exactly its scale and the space-time distribution,3 via

scattering tests where dynamic correlation develops would

endow us more comprehensive messages concerning the ori-

gin of shear banding in metallic glasses and the nature of glass

transition.

In conclusion, it is proved that the origin of shear band-

ing in metallic glasses is the dominant dynamic correlation

between the flow units. The spatial aspect and the temporal

aspect of the dynamic correlation effect between the flow

units of supercooled metallic liquid have been characterized

in an empirical approach. The staged-feature of the Van

Hove’s self-correlation function can be reproduced. For the

dominant correlation effect near Tg characterized by the pro-

posed approach, it is concluded that glass transition is more

than frozen.
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17N. P. Bailey, J. Schiøtz, A. Lemâıtre, and K. W. Jacobsen, Phys. Rev. Lett.

98, 095501 (2007).
18E. R. Homer and C. A. Schuh, Acta Mater. 57, 2823 (2009).
19B. Jerome and J. Commandeur, Nature 386, 589 (1997).
20S. X. Song and T. G. Nieh, Intermetallics 19, 1968 (2011).
21V. Trappe, V. Prasad, L. Cipelletti, P. N. Segre, and D. A. Weitz, Nature

411, 772 (2001).
22R. Mari, F. Krzakala, and J. Kurchan, Phys. Rev. Lett. 103, 025701

(2009).
23Z. Evenson, S. Raedersdorf, I. Gallino, and R. Busch, Scr. Mater. 63, 573

(2010).
24I. Gallino, M. B. Shah, and R. Busch, Acta Mater. 55, 1367 (2007).
25J. S. Harmon, M. D. Demetriou, and W. L. Johnson, Appl. Phys. Lett. 90,

171923 (2007).
26M. Zhang, L. Liu, and Y. Wu, J. Chem. Phys. 139, 164508 (2013).
27M. Q. Jiang, G. Wilde, and L. H. Dai, Mech. Mater. 81, 72 (2015).
28J. Lu, G. Ravichandran, and W. L. Johnson, Acta Mater. 51, 3429 (2003).
29A. Furukawa, K. Kim, S. Saito, and H. Tanaka, Phys. Rev. Lett. 102,

016001 (2009).
30J. C. Qiao and J. M. Pelletier, J. Mater. Sci. Technol. 30, 523 (2014).
31E. Leutheusser, Phys. Rev. A 29, 2765 (1984).
32L. Berthier and J. L. Barrat, J. Chem. Phys. 116, 6228 (2002).
33W. Kob, S. Roldan-Vargas, and L. Berthier, Nat. Phys. 8, 164 (2012).
34E. I. Corwin, H. M. Jaeger, and S. R. Nagel, Nature 435, 1075 (2005).
35G. D’Anna and G. Gremaud, Nature 413, 407 (2001).
36M. D. Ediger, Annu. Rev. Phys. Chem. 51, 99 (2000).
37L. Berthier and G. Biroli, Rev. Mod. Phys. 83, 587 (2011).
38L. Berthier, G. Biroli, J. P. Bouchaud, L. Cipelletti, D. E. Masri, D.
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