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In this paper we review the work related to amorphization under mechanical stress. Beyond pressure, we
highlight the role of deviatoric or shear stresses. We show that the most recent works make amorphization appear
as a deformation mechanism in its own right, in particular under extreme conditions (shocks, deformations under
high stresses, high strain-rates).

1. Introduction

The practical ability to shape materials into desired forms by
deforming them represented a major technological revolution in human
history. However, it is only since a hundred years that we have the
theoretical tools to understand and control the processes of plastic
deformation of solids. Most structural materials, among which metals,
are crystalline. That is to say that the atomic arrangement is, above all,
characterized by short and long-range order which is not very compat-
ible with the capacity to undergo large strains (like fluids). Most crystal
plasticity theories involve crystal defects. Only a small fraction of atoms
in the crystal have local arrangements which deviate from perfect
crystal. Their motion carries plastic strain. These defects are point de-
fects, line defects (dislocations, disclinations, disconnections), grain
boundaries, twins. More recently, it has been shown that phase trans-
formations can be controlled to shape materials. The development of
TRIP steels since the 90’s is an illustration of this. In this article we
consider a phase transformation that is a bit particular, since it is always
out of equilibrium: stress(pressure)-induced amorphization. The local loss
of long-range order radically changes the mechanical properties of
solids. At first considered as a curiosity, this phenomenon is emerging as
a deformation mechanism in its own right. In the following we review
the current understanding of this phenomenon with emphasis on the
aspects related to mechanical properties.

2. The many routes from crystalline to amorphous state

Compared to crystals, amorphous solids lack long-range translational
and orientational order. The contribution of the configurational entropy
associated with this disorder is not sufficient to stabilize the amorphous
phase with respect to the crystalline phase. Glasses are a type of amor-
phous solids which occur naturally in nature, mostly resulting from
igneous processes. Obsidian is a natural volcanic glass produced when
lava extruded from a volcano cools fast enough to prevent crystalliza-
tion. Tektites are natural glasses formed from molten ejecta resulting
from a meteorite impact. After ejection, the molten droplets (ranging in
size from millimeters to centimeters) rapidly cool either during the
ballistic flight or when hitting the ground. These natural glasses have
been used by man from the earliest times to fabricate artifacts. Appeared
some 4500 years ago in the middle east during the Bronze age, man-
made glass preceded iron and is among the earliest man-made mate-
rials [129]. In all these cases, glass is formed from cooling a liquid at a
rate fast enough to hinder crystallization kinetically. When a liquid,
which represents a well-defined phase in internal thermodynamic
equilibrium is cooled, equilibrium can only be maintained through
relaxation mechanisms which may involve diffusion. However, as tem-
perature decreases, these processes become less efficient, and a disor-
dered configuration may be frozen in before crystalline order emerges.
The route from crystal to amorphous is here indirect, involving an in-
termediate state: the liquid. It is thus melting which destabilizes the
crystalline state. Melting is probably the oldest studied phase trans-
formation. It occurs at the temperature at which the free energy of the
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crystalline phase equals that of the liquid. In practice one observes that
melting nucleates on external surfaces, or possibly on internal defects
such as dislocations or grain boundaries. Lindemann [80] proposed that
at the melting point, the amplitude of atomic vibrations is so large that
atomic spheres overlap. Gilvarry [42] further gave a firmer basis to
Lindemann’s model by postulating that, at fusion, the root mean square
amplitude of atomic vibrations reaches a critical fraction § of the dis-
tance of separation of nearest neighbor atoms. Melting of many crys-
talline solids occur for 0.07 < § < 0.15.

If, beyond melting, a compound is vaporized, sublimation by
condensation on a cold surface may represent another route to obtain
amorphous thin films [5].

Some natural materials have provided evidence for other routes to
form amorphous solids. The case of diaplectic glasses found in meteoritic
craters will be described below. It was also reported in 1893 by Broegger
[17] that some minerals, originally crystalline had developed over
geological times some characteristics of amorphous materials. He named
them metamict phases from the Greek for “mix otherwise”. It was later
suggested [56] that disordering resulted from the action of alpha par-
ticles and recoil nuclei. The experimental demonstration that crystalline
materials can be amorphized by irradiation was made in 1962 by Bloch
[9] who amorphized UgFe by fast fission fragments. This phenomenon
affects mostly actinide containing oxides and silicates. The same effect
can be produced by electron beams either in a scanning, or in a trans-
mission electron microscope (e.g [66]).

Some high-pressure phases cannot be quenched under ambient
conditions and amorphize when the pressure is released. This is the case
for davemaoite, the perovskite phase of CaSiOs, when the pressure drops
below ca. 10 GPa [155] and for the (Mg, Fe)SiO3 post-perovskite phase
[61] stable at conditions of the base of the lower mantle of the Earth
only. Some high-pressure phases can be quenched at ambient pressure.
However, further heating often leads to amorphization rather than to the
formation of the stable crystalline phase. This is the case for coesite and
stishovite (two high-pressure polymorphs of silica) when heated at
moderate temperature (300-1000 °C) at ambient pressure [116,31]. The
same phenomenon is observed in Cd-Sb when the high-pressure phase
rapidly cooled to liquid nitrogen under pressure is simply brought back
to ambient pressure and temperature [77].

In the following we will put the emphasis on mechanically-driven
crystal to amorphous transformation.

3. Pressure induced amorphization

Isotropic and x-ray amorphous minerals of quartz, plagioclase and
alkali-feldspar composition were commonly found among shock prod-
ucts of terrestrial [118,19,39,119] and lunar [20] impact environments.
Textural evidence led to the distinction between two types of amorphous
material in these samples. One, showing indices of flow and vesicles, was
interpreted as resulting from melting and quench. However, other
amorphous materials appeared as isotropic phases preserving all
morphological features of the previous crystalline phase, such as grain
morphologies. They were called diaplectic (from the Greek word dia-
plesso = to destroy by striking) glass by Engelhardt et al. [38]. The
refractive index of diaplectic quartz glass is higher than that of synthetic
silica glass, decreasing with increasing shock intensity. Similarly, the
density of diaplectic quartz glass is higher than the density of synthetic
quartz [156]. The origin of diaplectic glass was discussed as a reversion
product of a dense high-pressure polymorph [33] e.g. stishovite in the
case of quartz, or as a result of heterogeneous deformation in the mixed
phase regime (Fig. 1) indicated by the Hugoniot [46].

Indeed, diaplectic glasses have been produced experimentally and
observed in recovered products of shock experiments [88,95,120,157].
Similar shock features and occurrence of diaplectic glass was reported
from nuclear explosions ([114-115,13,29], Fig. 2a). The study of shock
microstructures in minerals, and in particular in quartz, has received
renewed interest in the context of the Cretaceous/Paleogene (K/Pg,
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Fig. 1. Shock Hugoniot curve for quartz (adapted from [131]). Blue dashed line
is an extrapolated equation of state fit to the 300 K quartz data. The 300 K static
compression data for stishovite are represented by the green line.

called at that time K/T for Cretaceous/Tertiary) mass extinction con-
troversy [2]. One of the clues attributed to a meteorite impact is the
presence of quartz grains with characteristic planar deformation fea-
tures (PDFs) in the K/Pg boundary sedimentary layer [11]. These PDFs
occur as multiple sets of parallel, thin lamellae parallel to rational low
index planes. The most frequent orientations are rhombohedral {101n}
(n = 1-4) planes, the basal plane and {112n} (n = 0-2) planes. The
orientation distribution depends on the peak stress, and on the direction
of shock propagation [74].

Transmission electron microscopy (TEM) studies of PDFs from nat-
ural impact sites revealed that, except those in the basal plane which
consist in Brazil twins, unaltered PDFs are in fact amorphous lamellae
[153,154]. The amorphous nature of PDFs was established without
ambiguity in experimentally shocked quartz [47,48,49,73] showing that
PDFs occur frequently in orientations perpendicular to the shock front
(Fig. 2b). This led Goltrant et al. [154] to propose a model (Fig. 3) where
PDFs accommodate the compressional deformation at the shock front (i.
e. the interfaces where uncompressed and compressed crystals must
match).

Such a mechanism may seem paradoxical since a pressure-induced
transformation is supposed to induce a negative volume change. The
key to the phenomenon lies in the high compressibility of amorphous
materials which allows them to be denser than the crystal under high-
pressure. Diaplectic glass forms in increasing quantities from 10 to 40
GPa, with melting occurring above 50-60 GPa. The amount of glass
formed also increases with temperature suggesting that amorphization
is a thermally activated process with an apparent activation energy
estimated by Gratz et al. [49] to be < 60 kJ/mol. From the Hugoniot, the
amount of compressional deformation can be estimated to reach AV/
V ~ 15% at 40 GPa (Fig. 1).

Shock induced amorphization has been observed in silicates as well,
for instance olivine shocked and recovered from peak pressure of about
56 GPa showed amorphous zones [67]. This was the first report of
olivine glass. The isolated SiO4 tetrahedra of olivine rearrange easily to
form the crystalline structure, and generating glassy olivine from
quenching of the melt is thus very difficult. Feldspars occurring
frequently in crustal rocks of differentiated bodies in the solar system,
the transformation of plagioclase into diaplectic glass (called maske-
lynite, [88]) has been widely used as a shock indicator [121]. As in
quartz, feldspars exhibit a progressive amorphization under pressure
with formation of PDFs above 18 GPa. This threshold decreases to 15
GPa when the initial temperature is raised from 25 °C to 750 °C [64].
PDFs in plagioclase exhibit a variety of orientations including (001),
(021), (111) and (131) [64]. Molecular dynamics (MD) simulations are
very well suited to investigate the behavior of materials under high
strain rates. Using this approach, it was shown that fcc metallic nanorods
subjected to strain rates above 2.10'° s~! undergo amorphization (called
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Fig. 2. Planar deformation features (amorphous lamellae) induced by shock in quartz. a) granodiorite from the Sedan Nuclear test (100 kT) site (1962) [29]. b)

Quartz single crystal experimentally shocked at 23 GPa, —170 °C [49].

Amorphous

Amorphous
Amorphous

Fig. 3. Schematic representation of the volumetric accommodation at the
shock wave front by thin lamellae of dense amorphous silica. Modified
after [154].

momentum-induced amorphization) and deform nonlinearly in a plastic
flow manner [16,65,158]. Strains up to several tens of percent are
reached in these numerical experiments.

This brief description of shock metamorphism in quartz and other
mineral phases shows that the study of amorphization induced by (dy-
namic) pressure is almost 60 years old. However, the paper by Mishima
et al. [90] on ice is generally considered to be the starting point of the
field of research that has since been named “pressure-induced
amorphization”. Pressure-induced amorphization (PIA) has since been
the subject of several detailed and high-quality reviews [159-161]. It is
not the intention here to duplicate these articles. We summarize only the
aspects most relevant to our interest: deformation, here through
compression. Mishima et al. [90] compressed ice I, to 1 GPa at 77 K.
Instead of obtaining the ice VI polymorph predicted by the phase dia-
gram, the hexagonal ice became amorphous. This discovery was quickly
followed by the observation of the amorphization under static pressure
of quartz [59,57,68] which led to further detailed studies. Particular
attention was paid to the study of the structural modifications leading to
the amorphization of quartz under pressure. Hazen et al. [57] observe
that SiO4 tetrahedra are not affected during compression, which essen-
tially results in a dramatic decrease of the Si-O-Si angle and the distance
between the tetrahedra. This observation was confirmed theoretically by
Chelikowski et al. [22]. The threshold of amorphization coincides with
Si-O-Si angles below 120° while the oxygen sublattice approaches a
close-packed cubic arrangement (bcc) as it had already been underlined
by Sowa [162] and further shown theoretically by Binggeli et al. [8].
Stolper and Ahrens [122] point out that in glasses and melts the decrease
in Si-O-Si angles can be accompanied by a change in Si coordination to
values higher than 4 and propose that the same may be true in
crystal-amorphous transformations. This hypothesis is supported by the
calculations of Wentzcovitch et al. [138] who theoretically identified,
under pressure, a metastable phase with a mixture of edge-sharing SiOg
octahedra and SiOs cuboids. This structural interpretation is not

universal, because minerals with a three-dimensional framework of SiO4
(like quartz or feldspars, e.g. anorthite [139]) are not the only ones to
amorphize under pressure. It was indeed observed that olivine, which
presents a quasi-compact oxygen sub-lattice and isolated tetrahedra,
also amorphizes under pressure [37,53,108,163]. In their recent study
involving reaction pathway sampling based on first-principles calcula-
tions, Guan et al. [50] also show that, in olivine, the silicate SiO4 tet-
rahedron moves as a molecular entity during the whole
pressure-induced solid phase transformation. Pressure induced
amorphization has also been observed in layered silicates, serpentines
[84,85], who also reported amorphization of portlandite). Quasicrystals
[1] or covalent bonded materials (silicon, [140]; gallium arsenide, [76])
also become amorphous under pressure demonstrating that a large va-
riety of crystal structures exhibit this behavior.

The first report of pressure induced amorphization of ice I, by Mis-
hima et al. [90] was interpreted as a metastable melting event [91]. For
some materials, the Clapeyron slope for melting (dT;,/dP) is negative
(Fig. 4). This implies that an isothermal compression can result in a point
where the melting temperature extended metastably is lower than the
compression temperature. This interpretation has allowed a reasonable
account of the observations of Mishima et al. [90] on ice and of Hemley
et al. [59] on quartz.

One of the limitations of the thermodynamic approach is that
amorphization is also determined by kinetic factors. It is now quite clear
that amorphization only occurs if the nucleation and growth of the
crystalline phase at equilibrium is prevented. These aspects can be

Crystalline

~ Metastable
= «extension of melting
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Fig. 4. Schematic description of pressure induced amorphization as a meta-
stable melting event. At low pressure, phase 1 has a negative melting slope
which ends on the stability field of the high-pressure phase 2. If compression is
carried out at such a low temperature that transition to phase 2 is kinetically
inhibited, the system can meet first the metastable extension of the melting
curve of phase 1. Below the glass transition temperature, this will result in a
solid-state amorphization. Modified from [86].
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approached today by the configurational energy landscape concept
[134] represented by the potential energy surface. The potential energy
surface represents the potential energy of a given system as a function of
all relevant atomic coordinates. It is generally a high-dimensional
function but it is often represented in a more simplified way as a pro-
jection in a space of configurations (representing an arrangement of
particular atoms). This allows, as in the Fig. 5, to put in relation one or
more particular crystalline phases and “the” amorphous state. The
relative potential energies of the local minima determine the equilib-
rium thermodynamic properties while the dynamics and kinetics de-
pends upon how these minima are connected.

Each crystalline phase corresponds to a deep energy minimum.
Depending on the thermodynamic conditions, this or that crystalline
structure is more stable and a transition can operate by crossing a po-
tential barrier. In addition to these deep minima, there is a complex
landscape corresponding to amorphous states represented by shallow
basins generally separated by low energy barriers. Under the influence
of an external solicitation (the case discussed here is pressure, but the
concept is much more general), the energy minimum of the starting
phase (crystal 1 in Fig. 5) is increased in a significant way so that the
energy barrier to amorphous states can be lower than that to another
crystal phase (e.g. crystal 2).

4. The role of deviatoric stresses and shear instabilities

The experiments of amorphization under pressure of quartz showed a
great dispersion of the transition pressures which spread in the range
10-30 GPa. This variability could be correlated to the degree of non-
hydrostaticity due to the pressure transmitting medium in the dia-
mond anvil cells [68]. The greater the deviation from hydrostaticity, the
lower the amorphization pressure. Amorphization of a-quartz can even
be triggered under the shear stresses of a mortar grinding, ca. 0.4 GPa
[159]. The influence of non-hydrostatic compression of a-quartz has
been investigated in MD simulations by Badro et al. [6] emphasizing the
different response to compression along [0001] compared to other di-
rections. Compression experiments in a diamond anvil cell without
confining medium were conducted by Cordier et al. [28] on quartz and
its structural analogue, AIPO,4 berlinite, which show the development of
amorphous shear bands (Fig. 6a). Similar shear bands are observed in
stishovite compressed under highly non-hydrostatic conditions
(Fig. 6b). A spread of the amorphization pressures between 30 and 70
GPa was also observed for olivine and attributed to non-hydrostatic
stresses [53,4,110]. In 2020, Kranjc et al. [72] reported development
of amorphous shear bands in olivine micropillars compressed at room
temperature under a uniaxial stress of 4 GPa.

In high-pressure experiments, non-hydrostaticity often develops
during decompression. Yan et al. [143] report depressurization

High energy state

[ —

Amorphous states

Free eneergy

Crystal 2
Crystal 1

Reaction coordinate

Fig. 5. Schematic configurational energy landscape diagram (after [87])
illustrating how the internal free energy of the system depends on the collective
coordinates of all its atoms. In blue is the reference state with two crystalline
phases, “1” being the most stable. In red is the system driven by some process
(pressure, stress, defect content, irradiation, etc...), transition into an amor-
phous state is kinetically favorable.
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Fig. 6. Formation of amorphous shear lamellae under quasi-static high-pres-
sure compression a) Quartz single crystal plate compressed at ca. 10 GPa in a
diamond anvil cell without confining pressure medium. Transmission electron
micrograph diffuse dark field (amorphous material appears brighter). b)
Aluminum-bearing stishovite powder compressed without pressure-
transmitting medium in a diamond anvil cell at ca. 40 GPa. Amorphized
zones appear as wide veins (Am) and lamellae (arrowed). Transmission electron
micrograph, bright-field. Sample: A. Rosa, S. Merkel, C. Sanchez-Valle.

amorphization of single-crystal boron carbide (B4C) loaded to 50 GPa in
a diamond anvil cell with stiff B4C powder used as the pressure-
transmitting medium (or simply without pressure-transmitting me-
dium). Amorphization was followed in situ by Raman spectroscopy. The
characteristic bands of amorphous B4C did not appear until pressure was
down ca. 15 GPa. In comparison, when the same experiment was
repeated with soft NaCl as the pressure-transmitting medium, a spec-
imen pressurized to 50 GPa was depressurized to 1.1 GPa without
showing any sign of amorphization indicating that nonhydrostatic
stresses play a critical role in this transformation.

Evidence of the importance of shear was also provided by shock
experiments. Amorphization bands have been interpreted as localized
melting on adiabatic shear bands by Grady [46,164]. Zhao et al. [149]
present laser-shock results on four covalent solids, namely silicon (Si),
germanium (Ge), boron carbide (B4C) and silicon carbide (SiC). Trans-
mission electron microscopy examination of the recovered samples
shows amorphous band morphologies which suggest that shear stresses
played a role in their formation. In SiC, both evidence for bands
perpendicular to the shock direction and inclined along the maximum
shear stress direction with a magnitude estimated at 25 GPa [148] are
presented (Fig. 7).

Similar observations have been made on shock-loaded boron carbide
exhibiting very narrow amorphous lamellae formed by localized mode IT
or mode III shear [23]. Further investigation using annular bright-field,
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Fig. 7. HRTEM of recovered laser-shocked SiC. a) the amorphous band is perpendicular to the shock wave propagation direction. b) inclined amorphous band
showing lattice distortion at the interface. c) Fourier filtered image of b). d) Geometric phase analysis showing the strain in the vicinity of the band. From [148]

with permission.

aberration (Cs) corrected scanning transmission electron microscopy
confirmed that the formation of these bands results from the disassembly
of the icosahedra driven by shear stresses [107].

These observations suggest that amorphization is not only a response
to pressure but may require the overall consideration of the mechanical
stability of a crystal structure subjected to a complete stress tensor. The
mechanical stability of crystals was studied by Born [14] who postulated
that the loss of shear rigidity leads the transition to melting. In a further
paper, Born [15] extended the analysis expressing that for a crystal to be
stable, any deformation must increase the stored elastic energy. For a
cubic crystal, the Born criteria is expressed by:

Ci+2Cpn >0;C —Cpa >O;C44 >0 (€8]

Where Cj are the elastic constants in Voigt notation. This approach
also applies to lower-symmetry crystal classes [94]. The above condi-
tions have simple meanings. The first one expresses stability against
hydrostatic compression since B = (C11 +2C12)/3 is the isothermal Bulk
modulus. The two other conditions express that the two shear moduli
G = Cy4 and G = (Cy; —Cy2)/2 must have non-zero values. Under hy-
drostatic loading (pressure P), these relations transform into:

B=

(C]1+2C]2+P)>O,G‘ = (C]] —C12—2P) >0,G:C44—P>0

)]

It is important to emphasize that such criteria can only reveal the
limits of stability of a structure without prejudging its evolution. Thus,
Tang and Yip [132] show that, for SiC in the zinc blende structure, they
account for the amorphization transition which is triggered by the
vanishing of G(P) = C44 —P. In contrast, during hydrostatic compression
of Si, the vanishing of G' =3(Cy; —Ci2 —2P) has been interpreted by
Mizushima et al. [93] as the cause of the transition from diamond cubic
to the f-tin structure.

The Born criterion highlights the importance of shear instability in
amorphization. In the form presented above, it only allows for hydro-
static loading. The sensitivity of the structure to non-hydrostatic loading
can be assessed by calculations at the atomic scale. Karki et al. [165]
used ab initio calculations to calculate the elastic stiffness tensor co-
efficients (cj) which provide a generalization of the zero-stress elastic
constant tensor valid under arbitrary stress [7]:

Cijkl = (M)x 3

aekl

1
2

Q| =

Where o; and ey are the applied stress and Eulerian strain tensors,
and X and x are the coordinates before and after the deformation.

The elastic stiffness tensor coefficients () are related to the zero-
stress elastic constants (Cyy) by:

¢t = Ciju +% (810 + 80 + 8o + 50w — 28407) (€]
with 6 being the Kronecker delta symbol and o; being the applied
stress tensor [136] (in [136] ¢y is denoted Bi).

Despite the general scope of this approach, Karki et al. [165] used it
only to describe phase transitions in MgO and CaO (first-order B1-B2
transition), SiO, (second-order rutile to CaCl, transition) and Si (tran-
sition from diamond cubic to the $-tin structure). In all cases, they noted
that the relevant generalized elastic stiffness coefficient associated with
the relevant deformation softens toward the transition. They underline
the analogy with the By mode in SiO2 which softens, though not to zero,
on approach to the transition. This shows that in that case, softening of
phonon modes (see below) and of elastic stiffnesses give consistent in-
dications. Atomic scale calculations are also a very efficient approach to
directly evaluate the mechanical stability of solids under various load-
ings. First-principles or empirical potentials-based calculations are now
commonly used to calculate the theoretical (or ideal) stress introduced
by Frenkel in 1926 [40] and further linked to the mechanical stability by
Hill [60]. The ideal stress is determined by straining the crystal in a
series of incremental strains (of any kind: uniaxial tensile, simple shear,
etc...) and calculating the fully relaxed energy and volume as a function
of strain. The Cauchy stress is taken as the derivative of the free energy
with respect to the strain [99,117,166]. The instability corresponds to
the inflexion point in the free energy curve which corresponds to the
maximum of stress (see an illustration on forsterite in Fig. 8).

The stability criteria (equations 1 or 2) can be regarded as the long
wavelength limit of the general condition for vibrational stability of a
lattice: i.e. the energy of all phonon modes must be positive. A phonon
that would lower the energy of a crystal would grow in amplitude until
the structure is driven to a new state [78,27]. Binggeli et al. [8] have
calculated the phonon spectrum of quartz as a function of pressure. They
show that the lowest acoustic branch of quartz softens with increasing
pressure and becomes unstable when the oxygen atoms approach a
nearly close-packed bcc arrangement. The role of non-hydrostatic
stresses on phonon dispersion has been addressed by Choudhury and
Chaplot [25]. They show a drastic change of phonon dispersion along
the I'-A direction for uniaxial compression along the c-axis, lowering the
instability threshold. This behavior is not unique, coesite, like quartz,
possesses a shear instability closely coupled to a zone-edge phonon
softening at pressures comparable to the amorphization transformation
[32].
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5. The role of defects

The approaches to the mechanical instability of solids presented
above only consider the case of the perfect crystal which is very rarely
encountered. Real crystals usually contain defects which represent a
beginning of disorganization of solids but also potentially sources of
internal stress. They are therefore likely to play a role in amorphization.
Considering again the analogy with melting, we can refer to the work of
Poirier proposing a dislocation-based theory of melting [104]. Since
dislocation locally break the long-range order, the assumption behind
dislocation melting is to consider the melt as a crystal saturated with
dislocations. Poirier and Price [105] also point out that the presence of
dislocations dilates the lattice. This one being anharmonic, the dilation
leads to a decrease of the shear modulus. We can therefore suppose that
below the glass transition temperature, the accumulation of dislocations
which lower the shear modulus and destroy the local order can cause
amorphization. This mechanism has often been invoked in the case of
ball mill-induced amorphization which often shows evidence of grain
size reduction interpreted as the result of severe plastic deformation
[18,125]. In single crystal Ge,SbyTes nanowire memory devices, Nam
et al. [97] show direct evidence by transmission electron microscopy of
amorphization resulting from dislocation jamming. Besides dislocations,
the role of elastic distortions at disclinations has been discussed from a
theoretical point of view, in particular for disclination quadrupoles in
deformed nanomaterials [10].

Indentation which induces very localized deformations and builds
under the indenter high confining pressures is a test conducive to
amorphization. In 2009, Lin et al. [79] reported a characterization of
indented y-Y5SioO; which is a refractory ceramic material. The simi-
larities between the organization and properties of amorphous layers
and those of slip bands led the authors to propose that amorphization is
mediated by slip bands containing a high density of dislocations [79].
Two mechanisms are considered by the authors. The first one, which
reminds the one of dislocation-melting, results from the intense distor-
tions induced by the exceptional accumulation of dislocations. The other
would result from a high supersaturation of point defects created either
by the intersection or by the annihilation of dislocations. These two
mechanisms can obviously work together. Similar conclusions have
been reached after indentation of ceramics and semiconductors. In SiC,
Szlufarska et al. [127] have studied by molecular dynamics the defor-
mation and amorphization below the indentor. They conclude that the
growth and dynamics of dislocation loops responsible for the load drops
are responsible for the amorphization. In GaAs, Li et al. [76] observed
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Fig. 8. Ultimate properties of forsterite
Mg,SiO4. a, d) illustration of the loading
. conditions in tension along [100] in (a)
1 [100] and in simple shear along [001](100) in
N (d). b, e) Evolution of the strain energy as
a function of the engineering strain in
tension (b) and shear (e). c, f) Stress as a
function of the engineering strain in ten-
5 sion (c) and shear (f). The lines correspond
0 to the Cauchy stress from the derivative of
000 U'USE 010 015 9% the energy curves. The symbols are
ngineering Strain
stresses directly provided by VASP. The
f) instability is indicated by the red arrows in
b, ¢, e and f. After Gouriet et al. [45].
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amorphization under the indent in association with high concentrations
of defects (dislocations, stacking faults, microtwins) suggesting a causal
link between severe local plastic deformation and amorphization.
Amorphization has also been observed in indented silicon [26,126] or
after mechanical scratching [89]. In both cases, evidence of plasticity
was observed, but the authors did not conclude that the amorphization
resulted from plasticity (but rather from the transition to the p-tin
phase). The opposite conclusion was reached by Huang et al. [62] on
ball-milled silicon. They observe in HRTEM that the amorphization is
nucleated inside the grains in association with crystal defects (twins,
dislocations) which play the role of nucleation sites. Very nice obser-
vations were recently reported by He et al. [58] by HRTEM during in situ
deformation of micropillars that shed new light on the processes by
which amorphization results from plastic deformation of silicon under
high stress. They observe that when the loading reaches 14 GPa, a
localized band of plastic deformation develops by propagation of perfect
dislocations on {111} planes. Within this band, a layer of a new phase
with a diamond-hexagonal (dh) structure is formed. Further compres-
sion leads to the nucleation of dislocations dipoles in the dh-Si layer
(Fig. 9). These dislocations are not mobile and lead by accumulation to
the formation of amorphous nanodomains. During this process, the
dislocation density increased from 3 x 10'® m™2 to 3 x 107 m~2. The
transition to the fg-tin phase was not observed during this experiment.
Chen et al. [24], in a numerical study (molecular dynamics) also on
silicon, propose a slightly different mechanism. Considering the defor-
mation of bicrystals, they induce 60° shuffle dislocation pile-ups that
generate sufficiently large stress concentrations at the tip of the pile-up
to trigger the formation of amorphous bands.

Grain boundaries can also play the role of nucleation sites for
amorphization. Ovid’ko and Reizis [167] put the emphasis on the in-
fluence of elastic distortions induced by a grain boundary as those
induced by grain boundary dislocations. The specific role of grain
boundary structure and bonding at grain boundaries can be assessed by
atomic scale calculations [100]. Kohyama et al. [70,71] performed ab
initio tensile tests on SiC containing a {122} X = 9 tilt grain boundary
showing a ca. 20% reduction in strength compared to the perfect crystal.
Comparable calculations ({122} X = 9 tilt grain boundary) performed
on aluminum led to the same conclusion [81]. However, in alumina, a
¥13[1210] pyramidal twin GB exhibits a strength reduction greater than
60 % [96] compared to perfect alumina [147].

The role of amorphization at grain boundaries is particularly ex-
pected in nanocrystalline materials where grain boundaries represent a
significant fraction of the solid compared to the bulk. Indeed, severe
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Fig. 9. Shear-driven amorphization in silicon a) HRTEM image of the dh-Si strip before formation of amorphous domains. b) HRTEM image showing formation of
nanosized amorphous domains (marked by dotted circles). Scale bars in a,b, 5 nm. Insets (a,b): fast Fourier transform of the strip, with blue crosses tracking the
rotation of the dh-Si lattice, and the dh-Si lattice in the strip pulverized and rotated during the shear-driven amorphization process. c-h) Time-lapse HRTEM images of
the boxed region in a, showing the atomic-scale process of formation of an amorphous domain via dislocation accumulation. Dashed lines and arrow in c indicate the
Burgers circuit and Burgers vector, respectively. The blue lines in h mark the individual basal planes around the amorphous domain (indicated by a dotted circle). He

et al. [58] with permission.

plastic deformation (SPD) processes intended to induce grain size
refinement sometimes lead to amorphization. In 2004, Huang et al. [63]
reported evidence by HRTEM of preferential amorphization at grain
boundaries (and dislocations) in TiNi, a B2 intermetallic compound
processed by high-pressure torsion (HPT) at 5 GPa. The grain size before
amorphization was 10 nm which led the authors to estimate the energy
stored at grain boundaries to 2.2 kJ.mol 1. This value is comparable to
the energy stored by dislocations (estimated to 2 kJ.mol ! for a dislo-
cation density of the order of 10'7-10'® m~2). Yamada and Koch [141]
already observed a grain size of 5 nm in TiNi before amorphization by
ball milling. They estimated the grain boundary energy to about 4.11 kJ.
mol ! and, after comparison of this value to the enthalpy of crystalli-
zation measured by differential scanning calorimetry (3.15 kJ.mol™}),

they concluded that energy stored at grain boundaries was driving
amorphization. Following Yamada and Koch, Huang et al [63]
concluded that dislocations and grain boundaries provide the driving
force for amorphization in HPT-processed TiNi. In a later study on TiNi
deformed by HPT, Peterlechner et al. [103] note that ultrathin amor-
phous ribbons first form at grain boundaries which are intersected by
shear bands which develop in a second stage. Twin represent a special
kind of boundaries with, in principle, a much lower energy than normal
grain boundaries. Quantum mechanics calculations by An et al. [3]
suggest that, in B¢O, amorphous bands nucleate preferentially at the
twin boundaries because the twinned structure has a lower maximum
shear strength by 7.5 % compared with perfect structure. They find
however that once nucleated, the amorphous bands extend
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preferentially along {1012} planes (which does not coincide with the
twin boundary planes), possibly due to the complex stress conditions in
their nanoindentation experiments. Grain boundary amorphization
seems to be rather common in superhard ceramics and has also been
reported in indented nanocrystalline boron carbide, B4C [52]. To
interpret this behavior, Yang et al. [144] performed DFT calculations on
systems containing grain boundaries along (111). Under pure shear
deformation, the ideal strengths of these systems are 35-39 % lower
than perfect B4C. They also showed that Fe-doping of the boundaries
leads to a further strength reduction.

Demkowicz et al. [36] report a numerical study where a quasi-
columnar nanocrystalline (8 nm) Si structure containing pure tilt
boundaries was deformed at 300 K. During deformation, the intra-
granular regions are characterized as liquid-like amorphous silicon
(following a distinction made by Demkowicz and Argon [34-35] be-
tween different atomic environments: ‘liquid-like’ and ‘solid-like’ in
amorphous silicon).

Very recently, grain boundary amorphization was reported by Samae
etal [109] in olivine aggregates (average grain size 2.8 um) deformed at
900-1200 °C, 300 MPa [41], and in coarser aggregates (grain size
20-100 pm) deformed at 1000-1200 °C, 5 GPa [12]. In these specimens,
amorphization was also observed at boundaries between olivine and
pyroxene grains, however the amorphous layer has the olivine compo-
sition [109]. Amorphization has previously been reported at phase
boundaries in Cu/Nb nanocomposite wires [111]. Molecular dynamics
modeling of this process shows that amorphization depends on the
interface. Zhou et al [152] show that interface with Nishiya-
ma-Wassermann (NW) orientation relationship or interfaces with
Kurdjumov-Sachs (KS) orientation relationship with a {111}cc||{110}
bece habit plane consistently deform via pure interface sliding. In com-
parison, at 100 K, interfaces with KS orientation relationship and with a
{112} fcc||{112}becc habit plane amorphize. The amorphous layer then
grows as the square root of stain y*°. The magnitude of shear strength
differs with the orientation relationship, the shear resistance being
smaller for interfaces that do not amorphize. The formation of amor-
phous layers of the {112}KS interface at large strains depends on the
temperature. Between 400 and 600 K, amorphization takes place, but
the strain exponent decreases to 0.44 at 400 K and 0.26 at 600 K. above
800 K amorphization is not observed. An interesting observation is that
the {112}KS interface keeps a stable strength from y =3 -4 toy = 40.
The shear strength of {112}KS does, however, vary with temperature. It
decreases from 1.87 GPa at 100 K to 1.29 GPa from 800 K to 1000 K.

6. Amorphization as a deformation mechanism

a) Deformation under shock loading
The difficulty in monitoring shock experiments as deformation tests
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led first to consider the influence of shock on the mechanical properties.
In case of boron carbide (B4C) a drop of shear strength was observed
when the stress exceeded the Hugoniot elastic limit (Fig. 10a), retaining
only a fraction of that in the elastic regime [133]. This drop can be
attributed to the development of thin amorphous bands (Fig. 10b, [23].

Dynamic indentations (indentation-induced strain rate 1000 s’l)
performed on fine-grained (ca. 2 pm) boron carbide also resulted in a
decrease in hardness and fracture toughness which was interpreted as a
consequence of the formation of a localized amorphous phase detected
by Raman spectroscopy [43]. The influence of amorphization on
toughness has been little studied since most studies involve high
confining pressures. However, Subhash et al. [124] show that under the
indenter, cracks can nucleate along the amorphous lamellae (Fig. 11)
and propagate to regions of lower pressure (the pressure field is very
heterogeneous under the indenter). This is reminiscent of the fracturing
of amorphized grain boundaries observed by Gasc et al. [41] in olivine
aggregates deformed below 1000 °C (see Fig. 15b below). Amorphiza-
tion can therefore under certain circumstances constitute a failure
mechanism.

Shock compression by short duration pulsed laser of SiC reported by
Zhao et al. [149] involves a peak shock pressure of 50 GPa and an
associated shear stress of 25 GPa. The temperature history of the test is
not indicated. Observation of recovered samples and molecular dynamic
simulations indicate that the response of the material is a combination of
coupled hydrostatic compression and shear. The volumetric strain re-
sults from the amorphous phase being 6.4 % denser than the crystal. The
shear strain was not measured.

In 2009, Gutkin and Ovid’ko [51] proposed a first micromechanical

Fig. 11. Transmission electron microscopy showing amorphization bands and a
crack beneath indentation on a boron carbide (B4C) sample. Modified after
Subhash et al. [124] with permission.

Fig. 10. Shock-induced amorphization of B4C. a) Shear stress and strength of B4C in the shocked state estimated from reshock and release experiments. After Vogler
et al. [133] b) TEM observation of a fragment of B4C produced by a ballistic test at a hypercritical impact velocity of 907 m/s (23.3 GPa). Misalignment of the lattice
fringes on either side of the amorphous zone is highlighted by the lines and was measured to be 1°, indicating shear. After [23] with permission.
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Fig. 12. Stress-induced amorphization in bridgmanite at high-pressure, high-temperature. a) Equivalent stress in bridgmanite (Bm) and ferropericlase (Fp) as a
function of strain. Deformation conditions are 2150 K, 27.5 GPa for gamma 25 and gamma 24; 2130 K, 27 GPa for gamma 22; 2000 K, 24.1 GPa for beta 74. Modified
from Girard et al. [44] with permission. b) Sample gamma 21 (2130 K, 27 GPa) from Girard et al. [44]. Scanning precession electron diffraction virtual bright field
where the amorphous lamellae in bridgmanite appear brighter than the crystalline parts (ferropericlase appear even darker). c) Kernel Average Misorientation
(KAM—third neighbor) from b) in bridgmanite (ferropericlase not considered here appears in black). This representation highlights local gradients of orientation (in
green). One can see that amorphous lamellae correlate with high KAM, demonstrating that they localize shear.

Q
~
(]
O

©
O
o

Deviatoric stress (GPa)
(3]
=
iﬁg
% e
Fraction of amorphous material ~—
o

']
HE T\
2}!" \ =1.07 GP
i W7, gl
1 a P, =0.05GPa 0.05%
i o Py =-0.96 GPa
O 1
0 0.2 0.4 0.6 0 02 04 0.6
Total deviatoric strain Total deviatoric strain

Fig. 13. Nanocrystalline silicon a) deviatoric stress versus strain during plain strain numerical plastic deformation of a nanocrystalline Si polycrystal at 300 K, 2.58 x
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amorphous material as a function of strain corresponding to the 3 tests represented in a). The curves have been offset by increments of 0.02 for clarity. After
Demkowicz et al. [36].
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Fig. 15. Axial compression of olivine aggregates in a Paterson press (300 MPa
confining pressure), Gasc et al. [41] a) mechanical data. b) Evidence of brittle
failure of amorphized grain boundaries at 950 °C. c) grain boundary sliding and
grain boundary ductile deformation at 1050 °C d) at 1200 °C evidence are
mostly intracrystalline plasticity by dislocations. b, ¢ and d: bright-field trans-
mission electron micrographs.

model to describe plastic flow in a solid undergoing amorphization. In
this model, shear localizes in oblate ellipsoidal nuclei oriented along the
maximum resolved shear stress, or at grain boundaries. Formation and
growth of the nuclei is studied from the energetic point of view high-
lighting a shear stress threshold for the process becoming energetically
favorable. Zeng et al. [145,146] developed a multi-mechanism consti-
tutive model to describe plastic deformation and failure of a quasi-brittle
solid undergoing amorphization. They suppose that, above a given
threshold stress, amorphization occurs along multiple sets of parallel
bands controlled primarily by the local stress state (rather than crys-
tallography). Both the pressure and the shear stress contribute to the
onset of amorphization. Densification within the shear introduces a
normal deformation as well as a coupled shear deformation. After for-
mation of the bands, subsequent flow of the amorphous materials in the
bands is described with a Bingham viscoplastic model. To account for
failure, the authors assume that the shear resistance decreases with
increasing shear deformation and that damage occurs at the intersection
of sliding bands. When damage reaches some critical threshold, granular
flow is activated. This model can account for the drop of shear strength
described by Vogler et al. [133] (Fig. 10a). The authors underline the
fact that the quality of the model depends on the knowledge of the
material parameters which is incomplete.

b) Deformation under quasi-static high-pressure compression

In quasi-static high-pressure research, megabar pressures are
reached by compressing thin specimens in diamond anvil cells. In most
cases, efforts are made to make the experiments as hydrostatic as
possible. However, the complete removal of deviatoric stresses is very
difficult, if not impossible when the confining medium becomes solid. In
some experiments, the non-hydrostaticity is exploited to provide infor-
mation on the rheology of solids under high pressure. Compression can
thus be accompanied by large plastic deformation of the sample. In this
case, the in situ stress or even the development of textures is measured
from X-ray diffraction data [84,137]. Several examples have been pro-
vided above that show that plastic deformation in diamond anvil cell can
be accommodated by amorphization, either intentionally (e.g. [28,143])
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or not. An unwanted and undetected contribution of amorphization
might be the origin of controversies about deformation mechanisms
activated at high-pressure when crystal preferred orientations are
interpreted as the result of dislocation glide only (see for instance the
conflicting results on post-perovskite [92]).

At lower pressure (below ca. 25 GPa) deformation experiments are
now routinely performed using multianvil apparatuses [30,142,135]. In
2016, Girard et al. [44] performed the first deformation experiment of an
assemblage representative of the mineralogy of the lower mantle (i.e. at
depths greater than 670 km) under representative (P,T) conditions. This
assemblage is composed of (Mg, Fe)O ferropericlase ( 20 %) and (Mg, Fe)
SiO3 bridgmanite, a silicate with a perovskite structure. The sample was
deformed under 27 GPa and 2130 K, by torsion in a rotational Drickamer
apparatus [142] at a strain rate of 3 x 10 571, The maximum strain
estimated from the angle of rotation of the anvil reached 100 %. Stress
was measured from X-ray diffraction at the synchrotron X-ray radiation
facility (Fig. 12). The stress partitioning between ferropericlase and
bridgmanite is reproduced Fig. 12a. Under these conditions, bridg-
manite appears substantially stronger than ferropericlase. The defor-
mation microstructure of a recovered specimen was investigated by TEM
by Nzogang et al. [98]. The ferropericlase grains are crystalline, very
elongated and contain a large density of dislocations. In contrast, coarse-
grained (several micrometers) bridgmanite shows only pervasive
amorphous deformation lamellae. Their contribution to in situ defor-
mation was attested by misorientation measurements across the
lamellae (Fig. 12¢). Shear amorphization was thus the only deformation
mechanism active in bridgmanite under these conditions. It is remark-
able that despite the high temperature (2130 K), amorphization
occurred and that the aggregate dominated from a volumetric point of
view by the bridgmanite has kept this exceptional strength (ca. 4 GPa).

Due to the high pressures created under the indentor (and the asso-
ciated non-hydrostatic stresses), indentation tests have produced
numerous evidences of amorphization. The most common parameter
derived from indentation test is hardness which measures the resistance
to local permanent deformation (penetration) of a material in response
to activated deformation mechanisms. However, other mechanisms such
as phase transformation can affect hardness. Amorphization, which
exhibits both the characteristics of a phase transformation (through the
associated volume change) and a plasticity mechanism (through the
development of shear bands), is therefore likely to affect hardness
measurements [124]). In the case of nanoindentation, the normal force
vs. penetration curve is measured quasi-statically and dynamically
(harmonic loading) allowing the hardness and modulus of elasticity of
the material to be determined. Discontinuities in the nanoindentation
load-displacement curves, referred to as a pop-in, are widely used to
inform about activated mechanisms. Reddy et al. [106] show that
load-displacement curves obtained from nanoindentation of single-
crystal B4C show pop-in which can be linked to the onset of amor-
phous shear bands. A similar conclusion had been proposed in 2017 by
Han et al [54] from a large-scale molecular dynamics simulation of
spherical nanoindentation on a (100) oriented Si single crystal.

¢) Nanocrystalline materials and grain boundary sliding

Reduction in grain size generally leads to strengthening (the Hall-
Petch effect). However, the development of nanocrystalline materials
has revealed an inverse effect when the usual plasticity mechanisms
(dislocations) give way to grain boundary sliding for small grain sizes
[113]. Szlufarska et al. [128] have used molecular dynamics to simulate
indentation at 300 K of nanocrystalline (average grain size 8 nm) SiC.
“Macroscopic” yielding coincides with amorphization of grain bound-
aries which then yield plastically. Chavoshi et al. [21] also used mo-
lecular dynamics to study shear deformation of nanocrystalline silicon
carbide ceramics as a function of grain size. They find a well-defined
maximum in the shear strength for grain sizes in the range 6.2 to 7.7
nm. They also show that the shear modulus uniformly decreases as the
grain size is reduced from 18.6 to 3.7 nm, demonstrating that the elastic
properties of nanocrystalline SiC are directly correlated with the
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fractions of amorphous grain boundary regions.

In their numerical simulation, Demkowicz et al. [36] have deformed
a nanocrystalline (8 nm) Si quasi-columnar polycrystal containing 6
grains. Strain was applied at 300 K up to 117 % at a strain-rate of 2.58 x
108 s1. The stress—strain curves (Fig. 13) exhibit an initial high devia-
toric stress followed by strain softening which corresponds to the onset
and development of amorphous material at grain boundaries. Plastic
deformation localizes exclusively at grain boundaries. Incompatibilities
are accommodated by grain rotation, creation of new grains or even-
tually by nano-scale voids or cracks formation.

Nanocrystalline boron carbide B4C also exhibits a reverse Hall-Petch
effect due to grain boundary sliding for grain sizes below 5 nm. Reactive
molecular dynamics simulations show that the elastic regime is followed
by a regime dominated by grain-boundary sliding which leads rapidly to
amorphization of the grain boundaries. The onset of amorphization
occurs in response of very high local stresses (ca. 32 GPa in case of the
example presented in Fig. 14). Amorphization of the grain boundary
leads to a sharp drop of the shear stress, probably linked to an acceler-
ation of the local strain-rate. This might be the cause for the cavitation
which initiates in the grain boundary soon after amorphization.

Although most studies of amorphization-driven grain boundary
sliding deal with nanocrystalline materials, evidence exist that coarser-
grained materials might be concerned. Gasc et al. [41] report deforma-
tion experiments at 950-1200 °C, 300 MPa of olivine aggregates with
average grain size 2.8 um. At 950 °C, the behavior is essentially brittle.
Fig. 15b shows that failure occurs mostly at grain boundaries. Some
dislocation accommodation can be seen. Further investigations [109]
showed that these grain boundaries were amorphized. At 1050 °C, a
ductile behavior is observed with very large displacements (in shear but
also with tensile components) at grain boundaries which exhibit large
amounts of amorphous material. At 1200 °C, it is only with HRTEM that
amorphous materials can be revealed in some grain boundaries. Ductile
behavior results mostly from dislocation creep. These experiments
highlight the influence of the rheological properties of glass, and in
particular the crucial role of the glass transition temperature on the
mechanical properties of the aggregate. At 950 °C, the stress is very high
(greater than 1.5 GPa), enough to amorphize the grain boundaries. At
this temperature amorphous olivine is in the glassy state, below the glass
transition temperature, and behaves in a brittle manner given the low
confining pressure applied (300 MPa). At 1050 °C, the glass approaches
or exceeds the glass transition temperature. The viscosity is lower and
very important relative displacements between the grains are generated
(leading to cavitation). Comparable experiments, but under a higher
confining pressure (5 GPa) have been performed by Bollinger et al. [12].
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The high confining pressure promotes grain boundaries deformation and
inhibits fracture and cavitation (Fig. 16). Unfortunately, in this experi-
ment mechanical data (stress versus strain) are not available.

The role played by an amorphized grain boundaries is not limited to
the shear produced by sliding. Pan and Rupert [102] have shown that
amorphous intergranular films help to accommodate repeated absorp-
tion of dislocations from intracrystalline plasticity as compared to or-
dered grain boundaries (Fig. 17). Crack nucleation is delayed and
ductility is increased. Schuler et al. [112] also suggest that amorphous
intergranular films might lower grain boundary energy and therefore
limit grain growth.

In contrast to the previous cases, it may be grain boundary sliding
that triggers the formation of amorphous intracrystalline shear bands.
Luo et al. [82] present a numerical study (molecular dynamics with the
EAM potential) of the plasticity of SmCos, an intermetallic with hex-
agonal structure. It is important to note that in this material, dislocation
glide is quite difficult, suggesting an essentially brittle behavior. Sam-
ples with grain size ranging from 5 to 65 um in diameter are loaded in
uniaxial tension or compression at a strain rate of 108 s7L. Grain size
softening is observed for grain sizes below 37 nm.

The primary activated deformation mechanism is grain boundary
sliding. The authors do not report evidence for grain boundary
amorphization. For grain size larger than 15 nm, grain boundary sliding
builds stress concentrations in the vicinity of triple junctions as shown
on Fig. 18. These stresses are relaxed by the nucleation of amorphous
shear bands (Fig. 18c) which allow grain boundary sliding to proceed
further accompanied by a sudden softening before the stress is stabi-
lized. Further intracrystalline deformation also results from the nucle-
ation of non-crystallographic shear bands which are the primary driver
of plasticity in those samples.

d) Small scale samples

Recently, evidences have been provided of amorphous shear bands-
based deformation after micropillar compression. Kranjc et al [72]
compressed single crystal olivine with (100) and (010) planes oriented
at 45° of the compression axis at room temperature. Micropillars with
diameter of 1.25 um were used. Most pillars failed in a brittle manner.
Some specimens show stable shear band deformation under a
compressive stress of 4 GPa. A cross-section was examined by TEM
showing no dislocation activity but thin amorphous shear bands in (100)
planes. The strains produced are 5.8 % at 4 x 10°s71,1.4 % at 1 x 10
st and 0.6 % at 5 x 107 s~ ', The differences probably come from
differences in the amount of amorphous shear bands activated.

Fig. 19 shows a micropillar of SmCos deformed in compression by
Luo et al. [83]. The pillars (8 um long) are tapered (diameter 1.5 um on

Fig. 16. TEM micrographs of olivine specimens deformed at 1000 °C, 5 GPa in a multianvil apparatus (Specimen references: a) M582, b) M640, see Bollinger et al.
[12]). Evidence for shear are inferred from displacements of the crystal/amorphous boundaries (white arrows) and by the internal shear bands seen in this defocused

mode (black arrows).
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Fig. 17. Influence of amorphous intergranular films
on toughening. Displacement field within a sample of
Cu-Zr with a 5.7 nm thick amorphous intergranular
film, loaded at a shear strain rate of 108 s%, at applied
shear strains of (a) 2% where the first leading partial
dislocation is absorbed (red), (b) 4.5% where atoms in
the amorphous layer move to accommodate the shift
of the upper middle grain to the right, (c) 6% with a
vortex flow which expands with increasing shear
strain and number of absorbed dislocations, and (d)

10% with a crack nucleating at the amorphous crystal

interface. Atoms are colored according to common
neighbor analysis (green is fcc and red is hcp). The
magnitude and direction of the displacement of each
atom is indicated by the length and direction of the
associated arrow. The two black arrows in (a) show
the positions of two shear transformation zones. From
[102] with permission.

Fig. 18. Molecular dynamics simulation of SmCos deformed at a strain rate of 10® s™*. Grain boundary sliding is highlighted by the yellow arrows. Displacements of
atoms relative to their positions in the unstrained samples and distribution of von Mises stress in the same area around a triple junction for grain size of 23 nm under
the strain of 6.2% (a, b), and the strain of 7.2% (c, d), respectively. The amorphous shear band seen in (c) relaxes the stresses built up by the grain boundary sliding

(b). From Luo et al. [82] with permission.
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Fig. 19. Plastic deformation of SmCos micropillars a) SEM micrograph of a
SmCos micropillar deformed by compression. b) Engineering stress—strain curve
from an experimental micro-pillar compression. (after [83]).

top and 2 ym at the bottom) and prepared in a polycrystalline material
with grain sizes in the micrometer range. The engineering stress—strain
curve shows large plastic deformation up to 22 % engineering strain.
This deformation results from single slip on a few localized shear bands
which are supposed to be amorphous (no TEM observation is reported
on these samples). The presence of amorphous shear bands and their
major contribution to plastic strain was attested after indentation and by
molecular dynamics simulations. Since these experiments were per-
formed without confining pressure, deformation by amorphous shear
bands shows not only that this mechanism prevails over dislocation
plasticity, but also over fracture. The authors show that the energy of
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formation of the amorphous bands is lower than the cleavage energy.

Ovid’ko [101] suggested that amorphization is a specific deforma-
tion mechanism of single crystal nanowires through development of
spatially inhomogeneous plastic shear along several neighboring planes.
Tkeda et al. [65] used molecular dynamics to investigate the mechanical
behavior of metallic nanowires (single crystals Ni and NiCu alloys) of
section 2 nm x 2 nm. Strain rates between 5 x 1035 * and 5 x 100571
were applied at 300 K. Up to 5 x 10° 7%, the nanowire deforms by shear
bands and twins, but remains crystalline (Fig. 20a). At 5 x 100571 the
behavior is very different with amorphization taking place progressively
from 7.5 % strain. At 15 % strain, the maximum stress (9.5 GPa) is
reached and then decreases to reach a plateau at 3 GPa and 35 % strain
where the nanowire flows with a viscosity of 0.06 Pa.s. Branicio and
Rino [16] performed similar calculations varying the cross sections to
evaluate surface effects which influence the elastic properties, but not
the elastic limit (9.5 GPa at 10.5 % strain). In their experiments,
amorphization was only observed for strain rates > 7 x 10! s7!
(Fig. 20b). The viscosity exhibited by the amorphous Ni (0.03-0.06 Pa.s)
compares also very well with the one found by Ikeda et al. [65]. In both
cases, amorphization leads to an increase of ductility.

Large strain amorphization-accommodated plasticity was reported
by Han et al. [55]. SiC nanowires were bent in situ in a TEM at a strain
rate of 10* —10° s1. A clear amorphization is observed where strain
localizes at the bending region with more amorphous material produced
in the tensile region (Fig. 21). Due to the geometry, strain and stress
could not be quantified. HRTEM of the deformed region shows tiny
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Rino [16].

Fig. 21. SiC nanowire bent in situ in a TEM. a, b) before and after deformation
with enlargements in ¢ and d. e) enlargement showing the deformation-induced
amorphous zone with a butterfly shape due to the compressive/tensile regions
depicted in f). Reprinted (adapted) with permission from [55]. Copyright 2007
American Chemical Society.

remnants crystalline units in the amorphous matrix.

Tochigi et al. [130] have performed compression of quartz single-
crystal nanopillars in situ in a transmission electron microscope. In one
occurrence, the pillar adhered on the flat punch as a result of the
compression test, so the pillar was elongated during the pull back.
During this phase, the pillar underwent a very significant elongation
estimated at 21 % (Fig. 22). The authors rule out a possible influence of a
temperature rise (of the order of 10° K only), but recall that the
experiment is carried out in situ with an electron beam current density of
1 x 107 pA.cm 2. The effect of electron irradiation can be twofold.
Quartz is known to be electron beam-sensitive and the amorphization
may have been assisted by the irradiation. In addition, the deformation
of amorphous silica is assisted by electron irradiation [151]. The
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observed high ductility of the pillar is probably influenced by this
parameter.

7. Concluding remarks, open questions and perspectives

In this paper we have reviewed the evidence of amorphization as a
result of a mechanical loading. Although it is not always measured, or
even highlighted, this transformation is always accompanied by a strain,
whether volumetric or shear. Many studies show that this instability is
sensitive to shear, leading to the formation of amorphous shear bands.
Ovid’ko [101] distinguishes two distinct categories of basic mecha-
nisms. The first one considers amorphization as an ultimate stage of
plasticity. This hypothesis was put forward very early in the case of ball
milling [69] and more recently by Zhao et al. [150] in the case of high-
entropy alloys. We have presented several studies that support this
mechanism. The fundamental point is that it assumes that the material is
plastic and that defects are produced. However, for various reasons,
these defects are not mobile enough and accumulate (in a context that is
certainly very hardening). There are several explanatory schemes to
describe what happens next. According to Fig. 5, the local energy ex-
ceeds that of the amorphous phase. One can also evoke the role of local
stress concentrations to trigger a static or dynamic instability.

The second mechanism does not consider traditional plasticity
(resulting from defect propagation) as a prerequisite, but as a competing
process. In other words, it is only when the usual plasticity mechanisms
are inhibited that the stress will reach an instability threshold leading to
amorphization. The inhibiting factors can be very diverse such as:

- purely hydrostatic compression

- very high strain-rates (shocks)

- very low temperatures

- materials with very high lattice friction

- very small sample sizes

It appears that these two distinct categories of basic mechanisms
have been reported which shows that stress-induced amorphization is a
phenomenon that can affect a wide range of materials. Once the insta-
bility has passed (in either scenario), the amorphous phase becomes a
carrier of the deformation. In fact, the studies that are now accumulating
on a varied range of materials reveal more complex situations where
amorphization intervenes as one deformation mechanism among others,
and often in interaction with the others. The link with grain boundary
sliding is a good illustration. In some cases the grain boundary sliding
triggers the formation of shear bands ([82], see Fig. 18), elsewhere the
amorphization is the grain boundary sliding mechanism that will require
other mechanisms of intragranular accommodations to avoid damage
([41], see Fig. 15) or conversely, the presence of amorphous films at the
grain boundary will accommodate the absorption of dislocations from
the grains ([102], see Fig. 16). These observations lead us to suggest that
stress-induced amorphization should be considered a deformation
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mechanism in its own right.

It is striking that very few studies have been devoted to the rheology
of the amorphous materials created by this process. Some have focused
on the density of the produced amorphous material [75]. Demkowicz
and Argon [35] distinguished two types of amorphous Si: “solid-like”
and “fluid-like” without further specifying their properties. Only a few
studies lead to information about the viscosities although they play a
fundamental role on the capacity of the amorphous material to produce
deformation.

Temperature affects the viscosity of glasses considerably. However,
no study has been made to investigate the influence of this parameter,
neither on the amorphization, nor on the resulting deformation. In fact,
most of the experiments reported in this review were done at low tem-
perature (in practice room temperature for rather refractory materials).
Exceptions are the shock experiments which are always accompanied by
a temperature rise, but this is rarely considered. We note however, with
minerals, the experiments of Girard et al. [44] on bridgmanite, and
Bollinger et al. [12] and Gasc et al. [41] on olivine, which were carried
out at temperatures higher than ambient. For olivine, the temperatures
investigated are in the range 0.6-0.7 Ty, (T, being the melting tem-
perature) for Gasc et al. and 0.5-0.6 Ty, for Bollinger et al. (due to the
pressure effect on Tp,) which corresponds to low temperature plasticity
for this silicate. For bridgmanite, the experiments correspond to about
0.75 Tp,. For olivine, the interesting point to note is the influence of the
glass transition temperature on the mechanical behavior of the material
subjected to amorphization. Samae et al. [109] suggest that the rheo-
logical transition associated with this effect could account in the Earth
for the viscosity drop between the lithosphere and asthenosphere. Thus,
stress-induced amorphization could be an important mechanism in
geodynamics. This hypothesis remains to be confirmed, in particular by
observations of natural materials. In this context, we note with interest
the observation of a nanosized intra-granular amorphous phase in the
eclogite omphacite of the Dabieshan UHP metamorphic belt reported by
Su et al. [123]. This invites a search for other natural occurrences of this
mechanism that could be important in geodynamics in high-stress
settings.
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