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a b s t r a c t 

Understanding the relationship between nanoscale structural heterogeneities or elastic fluctuations and 

strain localization in monolithic metallic glasses remains a long-standing underlying issue. Here, an 

atomic-level investigation of the correlation between elastic and structural heterogeneities and the mech- 

anisms of shear banding in CuZr metallic glass is conducted using molecular dynamics simulations. The 

shear band formation and propagation processes and the intersection mechanism of multiple shear bands 

are evaluated by means of local entropy-based structural identification and von Mises stress calculation. 

The shear band follows the path of lower order and high entropy while shear deflection and branching 

occur when approaching regions of low entropy. The local von Mises stress calculation allows predictions 

on the shear band direction and the propensity for activation and propagation prior to yielding and sheds 

light on shear band branching and multiplication processes. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Enhanced plasticity in metallic glasses (MGs) is ascribed to 

he formation of many shear bands with small shear offsets [1] . 

his can be achieved in composite MGs where crystalline hetero- 

eneities promote shear band nucleation and multiplication [2–

] . Furthermore, the interaction with crystalline inclusions blocks 

he propagation of shear bands and imposes a confinement on the 

hear offsets [6,7] . A high density of shear bands, and consequently 

arge plastic strain, can also be achieved in monolithic MGs with 

igher Poisson’s ratio [8,9] . Although they have no microstructure, 

ere atomic-scale structural heterogeneities and elastic fluctuations 

ontrol the strain distribution and the processes of shear band for- 

ation, propagation and multiplication [10–13] . The evolution and 

ntersection of a large population of shear bands blocks their prop- 

gation and stimulates the initiation of even more shear bands, de- 

aying in this way the onset of catastrophic failure [14] . Moreover, 

he interaction of shear bands changes their dynamics and mor- 

hologies, increases the yield stress and promotes work-hardening 

uring deformation [15–18] . Although shear band interactions have 

een widely used to explain an increased strain to failure and 
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eformation-induced hardening in MGs [15] , the major challenge 

s to understand and control the shear band blocking mechanism. 

While over the last decades substantial progress has been made 

n post-mortem investigations of the structure of shear bands only 

ew analyses of the shear band dynamics have been reported ow- 

ng to the spatial and temporal scales of the deformation processes 

19,20] . To date, few methods have been proposed to investigate 

hear band dynamics and blocking mechanisms [16,17,19,21–23] . 

anoindentation [17] , atomic force microscopy [22,23] and high- 

esolution transmission electron microscopy [16] studies have pro- 

ided a consistent picture of shear band dynamics but could not 

xplain the complex and mutual interaction process and what hap- 

ens at the shear band intersection points as understanding what 

rives the changes in strain localization behavior related to the 

henomena of shear band propagation and intersection requires 

ystematic atomic-level investigations. 

Computer simulations provided insight into the atomic-scale 

tructure and deformation processes in MGs [5,11,24–26] . An im- 

ortant goal of atomistic modeling was to define environmental 

escriptors to identify and characterize the atomic scale hetero- 

eneities and provide a detailed structure-property relationship 

or metallic glasses [27,28] . Here, we derive a local fingerprint 

ased on an approximate expression for the entropy using atom- 

stic simulations, highlighting the strength of the correlation be- 

ween structural heterogeneities and strain localization in mono- 

https://doi.org/10.1016/j.apmt.2020.100828
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
mailto:daniel.sopu@oeaw.ac.at
https://doi.org/10.1016/j.apmt.2020.100828
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Fig. 1. Structure analysis in a macroscopically relaxed Cu 64 Zr 36 metallic glass. (a): 

FI clusters (yellow atoms) are displayed with a RMSD smaller than 0.13 and are ob- 

tained from polyhedral template matching compared to an ideal reference configu- 

ration. (b): Local high densities of FI clusters (black circles) show lower von Mises 

stress and therefore lower distortion energy. (c): Entropy-based fingerprint showing 

that ordered regions of FI clusters have low entropy and high structural order. In 

the lower panel the relationship between local stress and entropy is presented. (d): 

Histogram of the RMSD for all icosahedral polyhedra from Voronoi tesselation. The 

orange area of the histogram refers to only slightly distorted polyhedra with start- 

ing chemical ordering. These polyhedra were depicted in (A). The green part of the 

histogram represents strongly distorted icosahedral polyhedra. (e) Von Mises stress 

vs local entropy graphs for the total number of atoms (blue points), closed packed 

FI clusters (orange points) and GUMs (green points). (For interpretation of the ref- 

erences to colour in this figure legend, the reader is referred to the web version of 

this article.) 
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ithic glasses. The local entropy shows a high predictive power and 

llows for gradual representation of the local structure without any 

rior information on a reference configuration. Special emphasis is 

lso given to the von Mises stress that allows us to characterize 

lastic fluctuations and predict the spatial and temporal evolution 

f the atomic strain prior shear band propagation and particularly 

t the shear band intersection point. 

. Materials and methods 

To overcome experimental technical difficulties associated with 

he observation of the fast processes of shear band propagation 

nd interaction large-scale molecular dynamics (MD) simulations 

ere carried out using the LAMMPS software [29] . The Cu 64 Zr 36 

etallic glass has been simulated using the interatomic potential 

eveloped by Mendelev et al. [30] . The starting liquid structure 

as created by randomly distributing 968,0 0 0 atoms in a box of 

11.0 × 55.5 × 2.5 nm with periodic boundary conditions. 

niform-acceptance force bias Monte Carlo [31] and MD in a NPT 

nsemble were used alternately, in order to deal with the over- 

ap between the atoms during the initial equilibration of the liq- 

id structure. The liquid structure was cooled to 50 K above T g 
 ≈ 800 K) at a rate of 10 K / ps starting from 1600 K. Since the

ocal structure of metallic glasses mostly develops in a tempera- 

ure range of 100 K around T g [26] the cooling rate was reduced 

o just 0.01 K / ps at that temperature. After cooling down to 50 K

elow T g an annealing for 4.0 ns was performed. The final cooling 

o 50 K was then done with 10 K / ps . The cooled sample was repli-

ated twice along the z -direction and notched in order to get a 

ensile sample with a preferred site for shearing. Open boundaries 

n y -direction and periodic boundaries in the x - and z -directions 

ere applied. Tensile simulations were performed under constant 

ngineering strain rate of 4 × 10 7 1/ s in a NPT ensemble at 50 K.

he local structure was analyzed in terms of Voronoi polyhedra ob- 

ained from Voronoi tessellation. The calculation and visualization 

f von Mises strains and von Mises stresses were carried out with 

VITO using the python scripting interface [32] . These two quan- 

ities were evaluated at each atomic site relative to its neighbors 

ithin a cutoff including the third nearest neighbor shell. 

The Activation-Relaxation Technique (ART nouveau or ARTn) 

33–35] was also used to sample the energy landscape and quan- 

ify activation pathways between adjacent minima energetically 

36] . A Cu 64 Zr 36 glassy structure with 80 0 0 atoms were created

ollowing the above mentioned procedure. The system was then 

elaxed to zero kinetic energy with global interatomic forces min- 

mized to 10 −6 eV/ ̊A. A number of 10 relaxation pathways were 

earched for each atom starting from the same initial structure. 

dditionally, a novel local entropy-based structural identification 

ethod was used to investigate the influence of structural het- 

rogeneity on shear band evolution (see Supplementary Materi- 

ls) [37] . 

. Results 

.1. Influence of structural heterogeneity on shear band dynamics 

Although the structural disorder of MGs entails the absence of 

tructural features such as grain and phase boundaries, dislocations 

nd stacking faults, they possess a high degree of short-range or- 

er (SRO) and even medium-range order (MRO) [38,39] . The most 

ommonly found SRO clusters in MGs have a preference to develop 

ve-fold symmetry. These locally favored structure motifs are ac- 

ompanied by more unfavorable polyhedra, which are needed to 

ll the spaces between the more ordered clusters and to connect 

he backbone structure. These spacing structures are commonly 

ermed as Geometrical Unfavorable Motifs (GUMs) [11] , anti-site 
2 
oint defects [40] , unfavorable clusters [41] or liquid-like regions 

42] . These disordered regions are more susceptible to reconfigura- 

ion via thermal- or stress-induced rearrangement and can be seen 

s soft spots in metallic glasses [42,43] . The local atomic struc- 

ure is of key importance in determining the energy barrier and 

he propensity for shear transformation zones (STZs) activation and 

ercolation and ultimately, controls the deformation behavior of 

Gs [44] . 

Even though the sample is macroscopically relaxed, down to the 

tomic level, MGs show heterogeneous structures. The full icosahe- 

ra (FI) in Fig. 1 a are displayed with a root mean squared deviation

RMSD) smaller than 0.13 (Fig 1d), which corresponds to a low dis- 

ortion compared to an ideal reference icosahedron. The von Mises 

tress in the FI close-packed clusters is significantly lower com- 

ared to the surrounding (see Fig. 1 b) and, in general, local stress 

uctuations correlate with the local structure. The von Mises stress 

orresponds to the deformation energy due to pure distortion. The 

ore ordered regions are in an energetically favorable state and 

re shielded from the influence of stress and deformation. Packing 

rustration explains higher von Mises stresses in regions of GUMs, 

here the atoms are forced in unfavorable positions. It should be 

oted that the level of distortion for the FI clusters was calculated 

ased on a reference configuration; the choice of RMSD cutoff was 

ased on the occurrence of a distinctive peak in the RMSD. The 

uantification is, therefore, only possible if a priori information 

bout the polyhedra is available and, hence, the level of disorder 

n liquid-like regions (disordered regions) remains elusive. 

The local entropy provides a possibility for gradual representa- 

ion of disorder without the previously discussed limitations. Based 

n the Piaggi model [37] , the local entropy calculation involves 

nly a local approximation of the radial distribution function and 
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Fig. 2. The evolution of shear strain and local entropy during deformation and 

shear band formation in a monolithic Cu 64 Zr 36 metallic glass. The shear band fol- 

lows the region of high entropy. It deflects and branches when it interacts with 

regions of lower entropy. 
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a

e

oes not require any information on the geometry of SRO clusters. 

he local entropy calculation includes both, the vibrational and the 

onfigurational contributions. However, since our simulations are 

one at a very low temperature of 50 K the vibrational entropy has 

 limited contribution. In the case of Cu 64 Zr 36 metallic glass areas 

f low local entropy correspond to FI clusters, while the liquid- 

ike clusters (non-icosahedral) have high entropy (see Fig. 1 c). Ad- 

itional information about the entropy distribution of FI clusters 

nd GUMs is provided in the Supplementary Materials. Thus, the 

ocal entropy function solely quantifies the level of ordering and, 

onsequently, can be used as a fingerprint to track the influence 

f structural heterogeneity on shear band dynamics. Under load- 

ng, the soft spots, characterized by high entropy, would show a 

igh propensity for STZ activation. Following, a shear band forms 

y the coalescence of an alignment of STZs along a specific direc- 

ion. Moreover, local entropy and von Mises stress are mutually de- 

endent: both increase with decreasing degree of order ( Fig. 1 e). 

owever, the two descriptors are not perfectly connected and in 

he low entropy range, the Mises stress increases drastically fol- 

owed by a decrease. Entropy is a measure of disorder of the glassy 

tructure but is not sensitive to small elastic distortions of FI clus- 

ers. On the other hand, the von Mises stress quantifies the force 

equired to distort the material locally and change the shape of 

he cluster leaving its volume unchanged. Thus, FI clusters, with a 

ell-defined shape and low entropy, are very sensitive to angular 

istortions resulting in strong fluctuations of the Mises stress (or- 

nge line in Fig. 1 e). Nevertheless, a low degree of order in GUMs 

akes them insensitive to distortion, resulting in a small variation 

f von Mises stress with entropy (green line in Fig. 1 e). Addition- 

lly, an investigation of the correlation between the local entropy 

nd the atomic volume distributions can be found in Supplemen- 

ary Materials. 

The large variations in the atomic-scale order and elastic fluc- 

uations confirm that MGs are highly heterogeneous structures. 

ence, even in a monolithic MG the activation of STZs and their 

ercolation can be perturbed by local fluctuations. Under external 

tress, one can expect strong variation in the strain localization 

nd, therefore, changes in the atomic-level mechanism of shear- 

anding. By analyzing in comparison the evolution of the local en- 

ropy and shear strain, while still being in the elastic regime (de- 

ned here as time frame �t = 0 ps), two notable features can be

bserved. First, macroscopic strain is only accommodated in ar- 

as with high entropy and changes in the atomic strain can be 

nly seen there (see Fig. 2 ). Second, the low entropy regions cor- 

esponding to closed-packed clusters remain undeformed and un- 

ergo a collective rigid body motion during deformation. The oc- 

urrence of discrete deformation processes is correlated with the 

bserved variation in the atomic strain in the GUM regions even 

efore the yield point. The localized elastic deformation of the ma- 

erial can be explained by the spatial fluctuations of local elastic 

roperties. It is known that the elasticity strongly depends on the 

ocal atomic order [45] . The shear modulus and, therefore, the re- 

istance against shear deformation is more affected than the bulk 

odulus. Thus, the strain response to an external loading will be 

rst accommodated in softer (disordered) regions mostly through 

ocal elastic shear relaxations [26] . 

At some point ( �t = 160 ps) plastic deformation will set in after 

urther straining the sample. The deformation of the sample is now 

trongly localized and a shear band nucleates at the notch, which 

cts as a stress concentrator (see Fig. 2 ). When analyzing the lo- 

al entropy one can see that the shear band tries to follow the 

ath of lower order. This can easily be explained by recalling the 

lready know correlation between the propensity of STZ activation 

nd structural order. The activation of STZs is significantly easier in 

isordered and highly strained regions. We reinforce this argument 

y calculating with ARTn the activation energies for 20% of atoms 
3 
ith the lowest and the highest entropy. The histograms of the ac- 

ivation barriers correlate with the local structure in MG [46,47] . 

s can be seen in Fig. 3 the atoms of low entropy experience a 

igher average activation energy barrier of about 2.2 eV compared 

o those atoms of high entropy ( ≈ 1.7 eV). Furthermore, the atoms 

f high entropy show a higher population of events of low en- 

rgy corresponding to fast atomic relaxations or γ -relaxation at 

nergies below 0.3 eV [48] . Thus, the fast relaxation mechanism 

ould be correlated to the local distortion of elastic heterogeneities 

ithin the elastic regime. 

At the time frame �t = 320 ps, the shear band tip, however, ap- 

roaches the higher ordered regions of low entropy and then de- 

ection and branching occur ( Fig. 2 ). We recently showed that a 

hear band in MG can be seen as an alternating sequence of STZs 

ehaving as Eshelby inclusions and vortex-like (rotating) structures 

5,49] . Here, the rotational displacement of the atoms around the 

TZ does not exceed the activation threshold for another STZ in 

he harder ordered region [5,26] . However, the local stresses reach 

he activation threshold for STZs in the softer and more disor- 

ered vicinity. The percolation path of the STZ-vortex sequence 

ill therefore be disturbed by the ordered regions acting as lo- 

al barrier for the percolating shear band. Nevertheless, the or- 

ered regions are not completely unaffected by the shearing pro- 

ess. They get consumed by the slipping shear band due to the 

eat generation in the band during its operation [50] . 

.2. Dynamic interaction between shear bands 

In a ductile monolithic glass, besides the interaction with 

tomic-scale structural heterogeneities, shear bands interact with 

ach other. To capture the atomistic mechanisms of the shear 
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Fig. 3. Histograms of activation energies from a saddle point search of the potential 

energy landscape for 20% of atoms of low (upper panel) and high (lower panel) 

entropy. Atoms of low entropy experience higher average activation energy barriers 

compared to those atoms of high entropy. 

Fig. 4. The evolution of von Mises stress (left hand side panels) and von Mises 

strain (right hand side panels) in a Cu 64 Zr 36 sample with two notches deformed in 

tension. (a) The stress distribution predicts the propensity for activation and prop- 

agation of the shear bands prior strain localization. (b) When the two shear band 

intersect the stress overlapping at the intersection point modifies the stress state, 

causing shear band branching and multiplication. 

b

p
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s

e

r

Fig. 5. The degree of strain and stress localization parameters, ψ strain and ψ stress , in 

a Cu 64 Zr 36 sample with two notches deformed in tension. The ψ stress never starts 

from zero value because local stress fluctuations can be seen even in the relaxed 

(undeformed) MG. 
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and interaction, a Cu 64 Zr 36 sample with two notches was pre- 

ared. At the yield point a shear band initiates from one notch 

nd starts propagating along a preferential direction while at the 

econd notch no shear band is present (see Fig. 4 a). More inter- 

sting is the distribution of the von Mises stress that closely cor- 

elates with the shear band path. The von Mises stress shows a 
4 
eterogeneous distribution that clearly precedes the shear band 

ath and leads to the evolution of the shear band in a certain 

irection. As expected from theory, the shear band follows well- 

efined areas of high distortional stress exceeding the activation 

tress for plastic deformation. The local stress state also determines 

rom which notch the shear band propagates first. The left shear 

and is further developed due to the higher local Mises stress in 

xtension of the left notch in Fig. 4 a. At the beginning, the von 

ises stress, which has distinct maxima at about 45 ◦ and 135 ◦

nclined to the notches, is imposed by the sample geometry. The 

hearing at notches intensifies the von Mises stress pattern. The 

on Mises stress increases in regions that lay on the extension 

n the propagating shear band. Hence, the shear bands interact 

hrough elastic heterogeneities long before the plastic zones of the 

wo shear fronts start to intersect. The complex distribution of the 

on Mises stress on the prospective intersection point of the shear 

ands leads to shear band branching ( Fig. 4 b). The overlapping of 

he stress fields of the two shear fronts drastically increases the 

ocal von Mises stress and affects its distribution. This, ultimately, 

erturbs the STZ percolation process and the shear band dynam- 

cs. The propagation directions of the STZs align with the complex 

tress states at the intersection point resulting in the formation of 

hree new shear bands with different specific directions. Follow- 

ng the shear branching process and further shearing along this di- 

ection, the von Mises stress in the primary shear band decreases. 

owever, the level of stress in the right shear band remains high 

hile its further propagation is blocked by the other shear band. 

s a result, the von Mises stress, which corresponds to the local 

istortion energy, can a priori predict the shear band direction and 

he propensity for activation and propagation. 

A quantitative evaluation of the aforementioned correlation 

etween the local stress distribution and strain localization or 

ow elastic and plastic fluctuations evolve under loading is per- 

ormed based on strain and stress localization parameters ( Fig. 5 ). 

 strain/stress = 

√ 

1 
N 

∑ N 
i =1 (η

Mises 
i 

− ηMises 
a v e ) 2 , where ηMises 

a v e is the aver- 

ge von Mises strain/stress over all atoms in the simulation cell 

45] . Large values of these two parameters indicates large vari- 

tion in the von Mises stress and strain during the deformation 

rocess and hence, an increased heterogeneity. As expected, ψ stress 

tarts to increase early in the elastic regime while ψ strain dis- 

lays strong variations only in the stage of the plastic deformation 

hen a shear band initiates (see Fig. 5 ). The local elastic hetero- 

eneity (regions of GUMs) starts to activate at stresses well below 

he macroscopic yield while structural heterogeneities emerge only 

ately as precursors to shear banding. Moreover, once strain local- 

zation commences, the increase in ψ stress gets weaker and cor- 
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elates to the decrease of the Mises stress along the shear front 

 Fig. 4 ). These observations help to explain why the spatial dis- 

ribution of elastic fluctuations is responsible for the highly lo- 

alized deformation process in MGs. During loading, the elastic 

eterogeneities along the maximum shear stress direction suffer 

ontinuously from elastic distortion exceeding at the yield point 

he activation stress for plastic deformation. As a result, a transi- 

ion from elastic to plastic heterogeneities occurs which translates 

o STZ activation. Otherwise, a ductile MG with a low density of 

losed-packed clusters has a lower degree of elastic heterogeneity 

nd hence, low probability for local stress accumulation leading to 

 more homogeneous strain distribution in the MG. 

. Conclusions 

In summary, the correlation between elastic and structural het- 

rogeneities and the atomic-level mechanisms of strain localization 

n monolithic metallic glasses was investigated. By using a novel 

ocal entropy-based structural identification method we found that 

he shear band follows the path of lower order and high entropy. 

oreover, when the shear band approaches higher ordered re- 

ions of low entropy, shear deflection and branching occur pro- 

oting shear band multiplication. While the local entropy param- 

ter shows an excellent ability to describe the complex spatio- 

emporal strain distribution process, the evolution of elastic fluc- 

uations identified by von Mises stress calculation allows predic- 

ions on the shear band direction and the propensity for activa- 

ion and propagation prior to yielding. The von Mises stress pre- 

edes the shear band path and leads to the evolution of the shear 

and at a certain place and direction. The intersection of multi- 

le shear bands induces large stress fluctuations at the intersection 

oint which, in turn, perturbs the STZ percolation process and, ul- 

imately, leads to shear band branching and further multiplication. 
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