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Abstract. Disordered materials, like metallic glasses or silicate glasses, have an atomistic amorphous struc-
ture preventing the formation of extended defects such as dislocations. Irreversible deformation in these ma-
terials is thus localized, but can organize along shear bands. In this brief review, based on recent publica-
tions, we will see if local plasticity can be measured and predicted in disordered atomic assemblies, and in
what conditions it can be related to preexisting structural defects. We will then draw a general picture of the
plastic mechanical behaviour within the theoretical framework of mechanical instabilities. Finally, we will
focus our attention on different scenarii for shear banding in glasses.
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1. Introduction

Amorphous materials are disordered at all scales, meaning that they do not exhibit any character-
istic structural lengthscale despite the average interatomic distance. The absence of regularity in
the atomistic stacking forbids the direct visualisation of atoms, except in the very specific case of
two-dimensional systems, like recently in layered polymorphs of silicon dioxyde based on SiO4
tetrahedra, covalently bonded to a metallic substrate [1, 2]. The lack of direct in situ visualisa-
tion makes it difficult to identify properly possible defects responsible for plasticity (irreversible
static deformation). Few attempts have been proposed based on image correlation of speckle im-
ages [3] or on the evolution of static structure factors upon external deformation [4, 5]. However,
while the first still does not allow a quantitative identification of plasticity related defects, the
second results only from data spatially averaged over the size of the X-ray beam, that is on mi-
crometric sizes too large to locate isolated nanometric defects. Moreover, the signature of plas-
ticity is not always visible neither in the structure factor, due to the fact that, in amorphous ma-
terials, the related structural changes if any are far from being homogeneously distributed, and
also because plasticity in amorphous samples does not always induce easily recognizable struc-
tural changes [6]. In this context, numerical simulations at the atomic scale [7-14] combined
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with theories based on the existence of localized plastic rearrangements identified by their resid-
ual strains [15, 16] have allowed building in the last thirty years a theoretical picture of plasticity
in amorphous materials without referencing to structurally visible defects such as dislocations.
The precise signature of plasticity is however strongly dependent on the composition of the glass,
that is on the nature of the bonding (degree of covalency for example [6]), on the atomic compo-
sition [17, 18], as well as on its thermo-mechanical history [19-21].

Despite the general belief that amorphous materials like glasses are brittle, they indeed all
develop plasticity, either at small or large scale, depending on the temperature, and on the
applied load (pressure, strain rate). It was measured already in the sixties that silica glasses
exhibit plasticity without volume conservation [22]. A homogeneous plastic deformation of 70%
(see Figure 1) was recently observed at the micrometer scale, in micropillar experiments in
a silica glass [23-25]. In normal glasses, like sodo-silicate glasses, shear bands were observed
under the same conditions [17, 20]. At finite temperatures [26] or under high frequency acoustic
waves [27], some metallic glasses can even exhibit superplasticity, with up to 160% plastic flow
strain without breaking, at centimeter scales. Plasticity may also result from the accumulation
of shear bands [28] and may be increased through thermal treatments [29]. Plasticity is thus
far from being negligible in the mechanical response of amorphous materials. It is however
always related to very high loads and high hardness. Metallic glasses for example are harder
than high-resistance steels [30], and more generally amorphous materials are harder than their
crystalline counterpart [31]. But this does not mean the absence of plasticity: this only means that
amorphous materials support very large amounts of stresses (10 GPa) and strains (10%), before
a macroscopic plastic flow. We will see later, that localized plasticity is indeed already present in
the linear, apparently reversible, part of the stress-strain curve. After some progressive yielding
transition, a plastic plateau related to a macroscopic plastic flow is visible. When the plastic
flow is localized along shear bands, the macroscopic stress—strain curve exhibits a well marked
overshoot that will be discussed later [13]. The beginning of a macroscopically measurable
plastic flow associated with some amount of global residual strain is usually identified by the
determination of elasto-plastic frontiers called yield surfaces. Depending on the composition,
these yield surfaces show various shapes, indexed by the global irreversible densification [25, 32].

The present article will give a brief overview of the numerical and experimental measurements
of plasticity at different scales in amorphous materials, and related models. In this field, many
models have been proposed [33-35], but only few of them allow a coherent and pragmatic picture
of the right physical processes at play. In the first part, we will discuss the representations of
the local atomistic signature of plasticity in amorphous materials. In the second part, we will
show that plasticity is the signature of a mechanical instability, in the presence of disorder. In the
last part, we will compare different theoretical explanations for the yielding transition and shear
banding in glasses. Finally we will conclude by discussing the possibilities to measure the amount
of plastic deformation in an amorphous material knowing only its initial and final configurations,
as well as to predict the shape and position of plastic rearrangements before they occur.

2. Local atomistic signature of plasticity

The main difficulty related to the identification of an atomistic signature for plasticity in amor-
phous materials, is related to the lack of simple reference configuration, contrary to crystals.
In crystals, the reference configuration is ordered over sufficiently large scales to imprint homo-
geneously the electronic beams in Transmission Electron Microscopes for example. As such, dis-
location lines can be revealed by inclining the incident beam in the proper direction over the sam-
ple allowing direct in situ imaging [39], and more recently by 3D tomography including the infor-
mations on crystal orientation in scanning electron microscopy (SEM) [40]. In amorphous mate-
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Figure 1. Left: schematic view of the potential energy landscape in the phase space [36,37].
Reproduced with permission from Angell [36]. Copyright (2021) by AIP Publishing. Right:
large plastic deformation in a pure silica micro-pillar compressed with a micro-indentor,
as detailed in [24]. Private image published with the permission of the author Kermouche.
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Figure 2. Left: quenched shear stresses o,y in a model 2D Lennard-Jones glass. Right:
incremental shear stress 60, when the same sample is submitted to simple shear with
applied d¢yy strain-stresses are indicated in Lennard-Jones units as detailed in [38]. Private
data published with the permission of the authors Tsamados and Tanguy.

rials, the reference configuration is metastable [36]. It is irregular down to the atomic scale, and
this irregularity does not result from mechanical processes, but from cooling conditions since it
often reflects the frozen structure of the liquid state [41]. Moreover, this metastable configuration
is not unique but there are many equivalent configurations separated by only small energy bar-
riers (Figure 1). It is interesting to note that amorphous samples at mechanical equilibrium in
the reference configurational state, are mechanically very heterogeneous (Figure 2). It is char-
acterized first, by a large distribution of quenched (residual) stresses with spatial correlations
along some kind of inclined grid (Figure 2) resulting from the fast cooling process, and more pre-
cisely from temporal correlations induced by local shear motion and short range elasticity in the
liquid state just before the rapid cooling [42]. This distribution of quenched stresses depends
on the preparation protocol, such as the quenching process. The level of quenched stresses is
very high. It may be more than ten times larger than the incremental stress resulting from ex-
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Figure 3. Left: schematic view of the free volume theory from [15]. Reproduced with
permission from Spaepen [15]. Copyright (2021) by Elsevier. Middle: schematic view of
shear transformation zones theory from [16]. Reproduced with permission from Argon [16].
Copyright (2021) by Elsevier. Right: local displacement field around a plastic rearrangement
during the quasi-static athermal simple shear of an amorphous silicon sample from [51].
Private image published with the permission of the authors Albaret and Tanguy.

ternal deformation (incremental stress refers to the almost linear local elastic stress increase re-
sulting from the small applied strain step, also referred to as stress rate in some articles [43]),
but contrary to the latter, it has neither a significant role on the anomalies of vibrational density
of states [38], nor on the local criteria for plastic rearrangements [44]. The incremental stresses
have a narrower distribution, and are in general undistinguishable in the landscape of quenched
stresses. They look commonly decorrelated from the local values of the residual stresses (Fig-
ure 2). However, they play a more important role on the relaxation processes and irreversible
motion in glasses [14, 44-47]. Incremental stresses are indeed related to local elastic moduli in
Hooke’s description of elasticity, and thus to the Hessian matrix (second order derivative) of the
Hamiltonian, or indirectly to the dynamical matrix of the system used to determine the instability
thresholds at a microscopic level [48]. Spatial heterogeneity in the elastic moduli is responsible
for high-frequency (THz) waves scattering in the continuum description of inertial dynamics in
heterogeneous solids. These effects suggest a method to predict and measure local irreversible
plasticization [49,50], independent of a static measurement of the atomic scale structure.

By analogy with dislocations, Spaepen [15] and then Argon [16] have proposed two kinds of
simple local rearrangements that could carry plastic deformation in amorphous solids. The first
one is related to the free volume theory. It consists in voids able to diffuse and flow in the systems
and whose activation theory allows recovering the transition from homogeneous to inhomoge-
neous flow for different strain rates. The second one assumes that residual strains are induced
inside shear transformation zones, directly inspired by the theory of disk shape dislocation loops
at low temperature and by the 3D spherical Eshelby inclusions theory [53] at higher tempera-
tures (Figure 3). The recent progresses in molecular dynamics numerical simulations, have al-
lowed to store a sufficiently large amount of atomistic data at different strain rates (including
athermal quasi-static simulations) to analyze significantly the irreversible rearrangements taking
place in an amorphous solid submitted to an external mechanical load, up to few tens of percents
of external strain [6, 8, 11,51, 54-61]. From these simulations, it was definitely proved that plas-
tic deformation was supported uniquely in the core of nanometric size Eshelby like inclusions
(Figure 3), with a global residual plastic strain given by the cumulated sum of inclusion eigen-
strains [62] (Figure 4). Depending on the glass composition, or cooling procedure, the plastic
strain can have a volumic (hydrostatic) and a deviatoric (shear) component. Plasticity in amor-
phous materials does not take place necessarily at constant volume, as already mentioned. Espe-
cially, in silica glasses, it has been related to a local phase transition such as a 8 to a-cristobalite
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Figure 4. Top: constitutive law and cumulative stress stored inside Eshelby inclusions in
a model amorphous Si sample, from [51] (inset: elastic moduli). Private image published
with the permission of the authors Albaret and Tanguy. Bottom left: permanent shear band
in atomistic models of amorphous bulk metallic glasses (2dp: with free surface, 3dp: with
periodic boundary conditions) from [52]. Reproduced with permission from Albe et al. [52].
Copyright (2021) by Elsevier. Bottom right: unfolding of shear band from a single vortex, in
amodel amorphous Si sample: analysis of the Minkowski fractal dimension of the positions
of Eshelby cores during the unfolding of the shear band instability, from D =1to D =2 in
a 3D sample. Data from [51]. Private image published with the permission of the authors
Albaret and Tanguy.

structure [63], or more generally to a structural buckling process [64-67]. In an original way, the
occurrence of the first irreversible rearrangements can occur at very low applied strains [68]. This
means that the initial linear behaviour in the stress—strain curve (Figure 4) is not the signature of
a non-dissipative process, but rather results from a constant nucleation rate of local irreversible
rearrangements, that is not sufficient to induce a measurable plastic strain in the loading direc-
tion, even if it may change the value of the linear slope due to the related stress drops [69, 70].
Such a microplastic behaviour [71] was indeed already measured in Brillouin scattering exper-
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iments [72, 73], as a source for acoustic absorption, and anomalous pressure sensitivity of the
apparent bulk modulus in silica glasses. As will be seen later, the energy barrier crossed to get
such isolated rearrangements is very small =0.01 eV. Sometimes however, large dissipative events
made of a 2D map of local rearrangements (elementary shear bands) may occur. A persistent
shear band will lead to a permanent localized deformation which eventually progressively en-
larges diffusively upon external load [58, 74, 75]. The spatial localization of plastic events is still a
matter of debate. In sodo-silicate glasses for example [32, 70], plastic rearrangements are driven
by the motion of sodium ions that are less attached to the atomic network and more mobile, thus
creating large local strains easy to convert into dissipative events. In the next section, we will dis-
cuss the criteria for the nucleation of plastic rearrangements, whatever their size.

3. Plasticity as a mechanical instability

According to the strict mechanical classification, plasticity is a time-independent process giving
rise to energy dissipation [62]. The origin of plastic deformation can be found in instability
processes with hysteretic behaviour, as it happens for some types of bifurcations or at the
spinodal limits [76-79].

This is the idea behind the old Hill’s criterion for materials stability [80] written within the
framework of continuum media. Hill’s criterion is a condition of stability for the Helmholtz free
energy

F(Y)=F(X)+QX) {r;;(X)n;; + %Cijkz(X)Uijﬂkl}

where 7;; is the Lagrangian stress tensor, 7);; are the strain components and C; j; are the elastic
moduli. When the deformation is mainly supported by dislocation-like defects, 7;; o< b;nj where
b; are the Burgers vector components, and 7; are the components of the vector normal to the slip
plane. The stability criterion may then be written as

min (Cjjxbibxnjng) = 0. (D

bj,nj}
The limiting case were the inequality in (1) is replaced by an equality marks the onset of instabil-
ity. Although it was originally developed for macroscopic behavior [43], this criterion was success-
fully applied to atomistic numerical simulations of crystalline samples under indentation load,
to identify the preferred directions for dislocation nucleation, over a limited number of possibili-
ties and with a simplified description of the Helmholtz free energy involving a semi-local acoustic
tensor in place of the stiffness tensor [81]. This criterion was also successfully applied to locate
plastic rearrangements in model amorphous materials [48], where it was shown a rapid decay to
zero of one eigenvalue of the 3N x 3N atomistic dynamical matrix (N is the number of atoms)

af _ 1 0’H
YV areort

responsible for mechanical stability at the atomic level, with r{ the position of the particle i in
the direction a and m; its mass. The decay of the eigenvalue appeared at a very small strain 107°
before a plastic rearrangement occurs. As attempted, the plastic rearrangement is initiated in
the direction given by the corresponding eigenvector of the dynamical matrix (each line being
multiplied by the square root of the corresponding atomic mass). In other terms, it is driven by
the vibration mode associated to the smallest vibrational frequency, that becomes unstable at
the plastic threshold. In general, these low frequency modes, or “soft modes”, are visualized by
high strains located inside a nanometric size sphere (the difference with the Eshelby inclusions
being due to the fact that before the instability, there is no residual strain inside the core, and
thus no interface and no force discontinuity). This theoretical agreement was however difficult
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Figure 5. Top: yield surfaces in sodo-silicate glasses for different amounts of residuals plas-
tic strain and different compositions, from [32, 70]. Private figure published with the per-
mission of the authors Molnar and Tanguy. Bottom: buckling of a cellular material: fi-
nite element calculation showing the critical mode for isotropic-section hexagonal hon-
eycomb under axial compression with constrained lateral expansion (a) isometric and (b)
top view [89]. Reproduced with permission from Lopez Gimenez and Tryantafyllidis [89].
Copyright (2021) by Elsevier.

to detect experimentally due to the very small strain values allowed for its anticipation, and
more hope was placed in the local measurement of the elastic moduli, plastic rearrangements
taking place preferentially at low values of the Elastic moduli, already identified a few tens of
percents strain before the plastic rearrangement occurs [45]. Other authors prefered to refer
to “soft spots” [82-84] or to “local non-affinity” [85-87], but, except in very specific cases, the
places susceptible to support these large strains (or low elastic moduli), are not simply related to
easily identified structural characteristics. This is quite understandable, since they result from
a collective vibrational process. Recently, using the nudged elastic band method to measure
numerically the local energy barrier separating two metastable equilibrium positions in a large
sample of amorphous silicon, Albaret and Rodney [61] have checked that the energy barrier
disappears progressively when approaching the critical strain at which a plastic rearrangement
occurs. This is in perfect agreement with the description of plasticity as an instability process.
Interestingly, they also have observed that the largest energy barrier that is reached between
successive plastic rearrangements is about 10 meV only, in agreement with the estimations of the
(very small) energy barriers involved in the anharmonic interpretation for Brillouin absorption
in glasses [88] and thus to our previous description of microplasticity.

As such, plasticity is thus strictly equivalent to a buckling process, that would take place
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at the atomic scale [90]. Buckling is indeed given by the cancellation of one eigenvalue in the
actual stiffness matrix. Such collapse is known as been a collective process, due to the long-range
elasticity taking place in solids. It is also well known by mechanical engineers, that in large scale
heterogeneous materials, like cellular or architectured materials for example, buckling process
can give rise to a large set of complex collective modes, depending on the material properties, on
the orientation of the external load, or on the shape of preexisting defects. In honeycomb lattices
for example, the buckling mode shows different degrees of localization, depending on the load
applied [89,91] (see Figure 5). Moreover, it was shown at the buckling threshold, that the normal
strength decreases with the applied shear strength, similarly to the yield surfaces observed in
silica glasses [25, 32] (see Figure 5). It is clear with such a description, that there is no reason for
plasticity to be an isochoric process.

Silica glasses have already been compared to atomistic foams for their gas absorption prop-
erties [92]. Their elasto-plastic mechanical properties reinforce this analogy. Already pointed out
by Brown [64] and Lambropoulos et al. [65], this has been checked recently using a precise mea-
surement of the yield surface with molecular dynamics simulations performed at different pres-
sures [67]. Interestingly, the shape of the yield surface is pressure and composition dependent as
can be seen in Figure 5 and in Ref. [70]. By looking in details at the microscopic processes tak-
ing place inside the system when entering in the plastic flow zone, it has been shown that the
number and the size of plastic cores increase with the pressure, both effects favoring global plas-
tic flow when pressure is increased [67, 70]. But, in the presence of sodium ions immersed in the
silicon-dioxyde skeleton, the large majority of plastic events (at least 90%) is supported by these
mobile ions, plastic cores containing more ions that the average, especially in the early stages of
plasticity where plastic events looked centered on isolated pockets especially rich in sodium [70].
When macroscopic plastic flow occurs, the plastic events are located inside ionic channels, with
a sodium density inside the plastic cores only slightly higher than the average one. Note that in
the plastic flow regime, the global structural changes in pure silica glasses are sufficient to affect
the vibration modes homogeneously at the scale of the sample, giving rise to a well defined sig-
nature in the Raman spectrum of the silica glasses, thus confirming the collective character of
the related buckling process. However, in some other cases the plastic residual deformation lo-
calizes along 2D shear bands. In the next chapter, we will review different explanations for the
occurrence of shear bands.

4. Shear banding, or not shear banding

We have seen before, that any dissipative plastic rearrangement is initiated by a plastic instabil-
ity promoted by a low frequency vibration mode. During the unfolding of the instability [76, 771,
residual plastic strain will take place, leading to a new equilibrium position. In some cases, a large
event spanning the whole system size may occur before reaching the new equilibrium position.
These 2D events in 3D systems, are called “elementary” shear bands [11]. In the athermal quasi-
static case, when an elementary shear band occurs, it can formally be decomposed into a succes-
sion of Eshelby inclusions aligned along a plane, but these Eshelby inclusions appearing dynami-
cally cannot be separated in a succession of equilibrium positions at constant external load. They
are also referred to “avalanches” [93] or “embrionic shear bands” in mesoscopic models of plas-
ticity [52]. It was shown in our molecular dynamics simulations of model amorphous silicon, that
the Eshelby inclusions first align, forming a single (1D) vortex, and then activate an alignment of
vortices along a plane crossing the whole system (Figure 4). When looking at the vibration modes
and at the elastic moduli before such a large event occurs, it is shown that the Eshelby inclusions
included in the band, were all included in a set of low frequency vibration modes, whose large
strains were often supported by an alignment of low elastic (shear) moduli, percolating along the
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sample [45]. The occurrence of such a large event induces a large global stress drop o< L?/L3 and
thus affects the stress—strain relation. The succession of many such events induces a progressive
saturation of the stresses, characteristic of the entry into a flow regime, also called the “yielding
transition” (Figure 4).

The yielding transition in the plasticity of amorphous materials, can thus be seen at a micro-
scopic level as resulting from the succession of instabilities which manifest themselves as local-
ized rearrangements with various sizes. Each of these rearrangements induces a residual plas-
tic strain, and the yielding transition does not characterize the occurrence of the first dissipative
process, but rather a sudden acceleration of plasticity indexed on the residual plastic strain. It
was observed with a very good precision [94], that when approaching the yielding transition, the
distribution of energy barriers shows a progressive change marked by an increase in the number
of the very low energy barriers, thus making the mechanical stability more and more marginal,
a bit like in a liquid. Interestingly, the crossing of energy barriers is not facilitated, as in a liquid,
from an almost isotropic temperature effect, but from an increase in the number of low energy
mechanical paths. By counting the number of cycles with a given strain amplitude to reach a limit
cycle under oscillatory shear, Regev et al. [95] have shown that the critical strain for plastic flow
corresponds to the strain amplitude marking the transition to chaos (infinite number of oscilla-
tory cycles). The yielding transition can also be seen as the percolation of a sufficient number
of growing clusters of non-affine deformations, as already mentioned above and also observed
experimentally in colloidal glasses [87]. The evolution of the fraction of “mobile” (strongly non-
affine) cells spanning the entire amorphous solid as a function of the applied strain, belongs to
the universality class of directed percolation and shows evidence of a critical strain acting as a
well marked cross-over between two kinds of behaviours: global arrest and collective flow [96].
The yielding transition thus appears as a critical phenomenon, as already suggested thirty years
ago by Roux and Hansen [97] on the basis of cellular automaton models of plasticity. Cellular
automaton simulations, have now been replaced by more detailed mesoscopic models inspired
by dislocation dynamics calculations, describing the accumulation of plasticity as a succession
of localized (Eshelby like) events [98] triggered by a realistic description of the long range elas-
ticity in solids [99-103], sometimes combined with different kinds of relaxation processes. The
competition between long-range elasticity and disorder (in the local yield stress for example, or
in the local residual strain) will converge progressively into a collective organization with either
sparse or localized plasticity. Under an imposed stress, the yielding transition corresponds to the
divergence of avalanche sizes following an apparent universal distribution [103].

Another transition occurs sometimes at larger strain: under specific conditions, the plastic de-
formation localizes in the flow regime along a permanent or “mature” shear band. The transition
from sparse plasticity to localized plasticity along a permanent shear band refers to a ductile to
brittle transition. The unfolding of a permanent shear band is usually related to the occurrence
of a stress overshoot in the stress—strain relation, that can give rise to brittle crack under an im-
posed stress (Neumann boundary conditions) [20, 104]. Permanent shear banding is a very dif-
ferent concept from the elementary shear banding discussed above. Indeed, it is an object that
is built gradually, often from an accumulation of elementary sheard bands, but not necessarily.
It can appear for example from isolated events, in a succession of oscillatory forcings under spe-
cific temperature and structural conditions [105, 106] and its final shape can appear very grad-
ually [107]. Its progressive accumulation share some analogies with damage. Permanent shear
bands if any, are thus established after the yielding transition. The different regimes of plastic
deformations are summarized in the schematic diagram shown in Figure 6. The occurrence of
permanent (mature) shear band depends on numerous factors. Intrinsic factors may be the di-
rectionality of bounds [6], the ease of creating free volume or coordination defects inside the
glass [108-110], the aging or stability of the glass (for example the initial annealing) [93,111-114],
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Figure 6. Schematic description of the different mechanical responses of amorphous ma-
terials to a prescribed strain.
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Figure 7. Mesoscopic modeling of plasticity in amorphous materials. (a) Shear banding at
the yielding transition from [103]. Reproduced with permission from Budrikis ez al. [103].
Open Access article. (b) Permanent shear banding from [111]. Reproduced with permission
from Vandembroucq et al. [111]. Copyright (2021) by APS Publisher. (c-d) Sparse plasticity
and shear banding under a nanoindentor for random strain thresholds in [e., e, + Q] with
(c) Q =0.015 and (d) Q = 0.01 from [121]. The indentor is applied on the bottom side of
the figure. A set of initial defects representing the adhesion are imposed at the boundary
of the contact. In both figures (c-d) the inverse distance to threshold in the local deviatoric
strain is shown, after 20 successive plastic events. The location of the past plastic events is
identified with black circles. The next plastic event will take place at the smallest distance
to threshold (brightest color). Private figure published with the permission of the authors
Chen and Tanguy.

the ease to generate avalanches (also refered to positive or negative value of a “weakening pa-
rameter”) [115]. Extrinsic factors at play are the temperature and the strain rate (both encour-
aging a more uniform plasticity) [52, 75,116-118], as well as the size of the system (free surfaces
acting as low energy heterogeneous initiators for plastic rearrangements) [52, 119]. The fact that
temperature and strain rate have analogous effect on the homogeneity of the deformation can be
explained by two factors: first the fact that high frequency mechanical waves in amorphous ma-
terials are known to promote local heating [120], and thus act as thermal activators for new sites
of plasticity, and second the fact that the activated instabilities have not enough time to relaxe
before the activation of new instabilities [59], resulting in a permanent high energy excitation.
While continuous modelizations of this ductile to brittle transition involves a bifurcation [109,
122], it is difficult to quantitatively identify the microscopic mechanisms at the origin of this
transition. While some authors claim the existence of universal mechanisms for plastic flow in
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amorphous materials [103], it seems that these universal features, apart from the yielding transi-
tion, result in fact from specific conditions between energy barrier fluctuations and elastic energy.
For example, the case of shear banding in metallic glasses under a nanoindenter was extensively
discussed [123-125]. However, the universal features observed in [103] are restricted to a small
part of the sample. Moreover, the existence of curved elementary shear bands is not obvious at
all in this geometry. It depends on the width of the distribution of local yielding energies, com-
pared to the spatial variations of elastic energy [121]: the strong disorder case being insensitive
to the specificities of the loading and giving rise to sparse homogeneous plasticity, independent
of the presence of the indentor. The extrinsic contact to the indentor (friction, adhesion) is also
crucial in this case, since friction or adhesion may act as heterogeneous initiators for plasticity at
the surface (Figure 7). Finally, curved permanent shear bands may occur only for a specific am-
plitude of stress fluctuations compared to continuous stress gradients induced by the indentor
inside the sample. Mesoscopic modeling of plasticity is actually described as a depinning phe-
nomenon of an elastic manifold [126], the applied strain acting as a control parameter similar
to time, and local plasticity refering to local non-linear depinning giving rise to a local increase
of the residual plastic strain (order parameter) in competition with recovering elasticity [126].
As kown for a long time, two different regimes may occur: the weak pinning, and the strong pin-
ning regimes. The weak pinning regime gives rise to collective flow [127], and the strong pinning
regime corresponds to sparse localized plasticity. Permanent shear banding would correspond to
the extreme case of a very strong pinning with a localisation of plasticity always along the same
self-sustaining soft site. For usual disorder, such a situation can only occur with the help of a
self-sustaining weakening parameter, or local damage function helping the focus of activity on a
single site.

5. Perspectives

To conclude this brief review of recent progresses made on the description of plasticity in amor-
phous materials, let’s first remind the main results. The lack of long-range structural order in
amorphous materials forbids the formation of linear defects like dislocations. Elementary pro-
cesses have been identified in amorphous materials that are equivalent to dislocations in crys-
tals [128]: the Eshelby inclusions, with residual plastic strain confined in a 3D nanometric volu-
mic core. Pennyshape Eshelby inclusions are dislocation loops [53]. In amorphous materials how-
ever, the structural signature of the Eshelby inclusions is not always visible. Moreover, they occur
for a very small amount of imposed strain, due to the very small amplitude of energy barriers sep-
arating the neighboring metastable states in the phase space. Any plastic rearrangements result
from an instability, or buckling process. It corresponds also to the loss of positive definiteness of
the material tangential stiffness tensor, that is known to induce a loss of ellipticity of the govern-
ing differential equations under quasi-static loading, when discontinuous solutions emerge [43].
This continuous description is however unable to identify secondary equilibrium positions and
the energy barriers between them and is thus caught in the trap of endless mesh refinement. This
is why it is important to base these models on a properly informed microscopic description. Here,
we show that before the yielding transition characterizing the beginning of macroscopic plastic
flow, amorphous materials undergo the occurrence of several local plastic rearrangements that
organize progressively into percolating clusters at the yielding threshold. Two different kinds of
transitions occur: first the yielding threshold, and then, depending on the extrinsic or intrinsic
capacity of self-sustainability of elementary shear bands, a possible transition to a brittle regime
with permanent shear band. The first transition is shown as a (simple) universal critical phenom-
enon, but the second one yields specific materials properties or loading conditions, difficult to
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Figure 8. Finite Element calculation of the scattering of an acoustic wave by an Eshelby
inclusion from Luo et al. (2020) [137]. Private figure published with the permission of the
authors Luo, Giordano, Gravouil and Tanguy.

infer without acquiring a large set of experimental data. Among common observations, temper-
ature or strain rate favor homogeneous plastic flow, while aging or mechanical stability, system
size and free boundaries will favor the generation of permanent shear band.

These results open new perspectives for materials design. New design of surfaces have been
used for example to control the plastic response of brittle bulk metallic glasses [129, 130]. The
misalignment of the principal directions of the inclusions eigenstrains as compared to those
of the applied strain is a way to explain and to quantify the Baushinger effect (asymmetry
of the stress response between positive and negative applied strains) [131, 132]. In general,
the qualitative dependence of the plastic flow on the parameters identified in Figure 6 from
experimental and atomistic simulations, should not be forgotten in the search for new models,
such as accelerated dynamics models [133, 134], and definitely guide the efforts to build them.

Finally, the presence of defects in the permanent shear bands makes them visible with spec-
troscopic measurements, like Raman spectroscopy [21, 135]. In the absence of permanent shear
banding, the description of plasticity in terms of Eshelby inclusions, as well as the connection
between heterogeneous elasticity and soft zones, should make it visible (see Figure 8) with high
frequency acoustic scattering measurements [49] or using non-linear acoustics [136], thus mak-
ing possible in the future the non-destructive identification and prediction of plasticity in amor-
phous materials.
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