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Stress-induced amorphization has recently attracted attention as a potential deformation mechanism in ceramics,
semi-conductors or minerals. Its activation is promoted when conventional plasticity, e.g. driven by dislocations,
is inhibited. However, the mechanisms underlying this phenomenon are still unclear. Based on quantitative in
situ TEM tensile testing of small-sized olivine bi-crystals, we demonstrate that stress-induced amorphization and

grain boundary sliding can be activated under high stresses at room temperature in specimens with high angle
grain boundaries. Low angle grain boundaries are less prone to this phenomenon. Varying the iron content in
olivine demonstrates that iron inhibits amorphization and, consequently, promotes brittle failure. This contrast
with the accepted view that iron promotes ductility but at high temperatures. These findings coming from natural
minerals provide a novel approach regarding the control of the mechanical properties of hard materials at low

temperatures.

1. Introduction

When crystalline materials are subjected to stress in excess of their
yield point, irreversible deformation accumulates as a result of the for-
mation of defects such as dislocations, twins and grain boundaries (GBs),
and of their motion. This fundamental state of affairs enables metals
forming, opening up a wide range of applications. In ceramics and sili-
cates, conventional plasticity based on dislocation activity is usually
inhibited, except at high temperatures. This results in brittleness, as the
fracture stress is attained before the yield stress. In the case of ceramics,
this represents a significant obstacle to the development of technological
applications [1]. In nature, this phenomenon is observed in the cold
lithosphere, where rocks exhibit brittle or semi-brittle behavior. This
phenomenon is particularly prevalent in fault zones, where plate
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tectonic movements are localized [2]. Recently, solid-state amorphiza-
tion has been proposed as an important deformation mechanism in a
wide range of materials [3,4] to accommodate deformation and relax
the stress, without the need to activate dislocations [5]. This mechanism
has been described in particular in olivine [6,7], a silicate which is the
most volumetrically abundant mineral in Earth’s upper mantle and in
the lithospheric mantle. It gives rise to intracrystalline shear lamellae [3,
6], and also enhances grain boundary sliding [7,8]. The latter situation
is of particular theoretical interest, since, except in the case of nano-
materials, grain boundaries generally have a hardening effect at low
temperatures. A better appraisal of the mechanisms occurring naturally
in the Earth mantle is not only important in the context of geological
studies but can guide the development of novel engineering systems
through a type of geo-inspiration.
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The present study unravels, for the first time, the mechanisms at the
origin of Stress Induced Amorphization (SIA) in olivine using a micro/
nanomechanical approach. For this purpose, small olivine bi-crystals
with pre-selected single GBs are deformed using quantitative uniaxial
tension inside a transmission electron microscope (TEM) using a push-
to-pull (PTP) device [9,10], as illustrated in Fig. 1 and described in
the Methods section. Specimens for in situ deformation are extracted
from cross-sectional TEM foils prepared via focused ion beam (FIB) on
bulk olivine samples. This method enables the preparation of bi-crystals
with grain boundaries pre-selected in terms of their character and of the
orientation of the boundary plane relative to the tensile axis (Fig. 1).
Some recent studies in the literature reported Ga segregation at grain
boundaries during FIB milling of metals with an impact on the me-
chanical response [11-13]. In the present work, the presence of some
residual Ga at GBs cannot be totally excluded. However, the GBs that we
studied have shown different behaviors while the PTP specimens were
‘FIBed’ under identical conditions. This indicates that the presence of Ga
(even not confirmed) is not the main player. Table 1 provides a summary
of the characteristics of the PTP specimens. It includes the elastic
modulus, fracture strain and fracture stress, and the type of GB. We
demonstrate that the use of such small specimens allows for the inves-
tigation of the limits of ductility and for the attainment of stress levels
large enough to initiate mechanical instabilities at the origin of
amorphization at GBs, even at room temperature (RT). Olivine is a
family of minerals with the chemical formula (Mg, Fe)>SiO4. The pure
magnesium end-member Mg,SiOy4 is called forsterite. On Earth, the iron
content is typically 10 %, whereas on Mars, it is approximately double
this value. The role of Fe is investigated by deforming olivine bi-crystals
with and without Fe, and the results are consolidated using
first-principles calculations. This advanced micro/nanomechanical
approach establishes the foundation for the exploration of SIA in a
multitude of other materials where it has been documented, but for
which the underlying mechanisms remain largely unexplored [3,7,
14-20]. In this study, we demonstrate, for the first time, the possibility
of extracting the elementary mechanisms driving SIA and the nano-
mechanical response of GB sliding on specimens including a single GB
inside the TEM.

2. Methods
2.1. Specimen preparation

Olivine samples were synthesized from mixed, cold-pressed and
sintered powders. SiOy and Mg(OH), powders were used for forsterite,
while SiO5, MgO and Fe;O3 powders were used for ferruginous olivines.
In order to follow the mechanical response and the mechanisms of GB
sliding, bi-crystal and tri-crystal specimens for push-to-pull (PTP) tensile
tests were prepared from pristine bulk specimens (with and without
iron) by Focused Ion Beam (FIB). First, cross-sectional foils are prepared
by FIB to select grain boundaries with the desired character and orien-
tation relative to the tensile axis (Fig. 1). Special care is taken to avoid
the presence of intragranular dislocations in the selected PTP specimens
to favor GB sliding. This step is carried out using bright field TEM (BF-
TEM) in a Thermo Fisher - Tecnai G2 transmission electron microscope
operating at 200 kV and automated crystallographic orientation and
mapping in TEM (ACOM-TEM). The foils are then transferred to the PTP
device using an Omni-probe micromanipulator in a Thermo Fisher dual
beam FIB/SEM (Helios Nanolab 650) and fixed on both sides of the
central gap of the PTP (Fig. 1) with e-beam deposited Pt. Finally, a dog
bone shaped tensile PTP specimen with selected grain boundaries is
obtained by Ga™ ion beam (30 kV/80 pA) FIB milling. The thickness of
the sample is kept around 250 nm.

2.2. Transmission electron microscopy

ACOM-TEM was used to extract the nature of the GBs (rotation axis,
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Fig. 1. In situ nanomechanical tensile specimen Forsterite-TS-001 preparation.
a) BF-TEM image of a cross-sectional FIB foil used for the selection of the GB
that will be deformed. b) TEM overview image of PTP chip with olivine bi-
crystal specimen located in the center as shown in the magnified BF-TEM
image in c). The specimen in (c) was cut by FIB from the area indicated by
black arrow in (a).

misorientation angle and GB plane). This was achieved in a Tecnai G2
TEM operating at 200 kV equipped with the ASTAR system from
Nanomegas. The electron probe size was ~1.8 nm with a precession
angle of 0.5° to minimize dynamical effects. The data were post-treated
with the orientation imaging microscopy (OIM) analysis software from
EDAX. In the ASTAR system, electron diffraction spot patterns are
indexed by comparing individually obtained patterns via cross-
correlation matching techniques with pre-calculated electron diffrac-
tion templates generated every 0.5° (orientation resolution). All the
orientation maps of olivine have been presented in the Pbnm space
group. EELS was conducted on the QuanTEM, a FEI Titan3 microscope
equipped with a Gatan K2 Summit camera placed at the back of a
Quantum GIF. For these measurements, the microscope was operated at
300 kV in the monochromated mode, providing an energy resolution of
150 meV. A beam current of 30 pA was selected to limit the beam
induced damage and a large collection angle, increasing the EELS signal
intensity, was allowed by the use of the EFSTEM camera lengths. An
energy dispersion of 0.25 eV/pixel was used with an exposure time of
0.2 s/pixel at 100 % duty cycle of the K2 summit camera as described
elsewhere [3].

2.3. In situ TEM nanomechanical testing

The PI 95 TEM Pico Indenter holder with a Push-to-Pull (PTP) device
(Bruker. Inc) was used to perform quantitative in situ TEM tensile tests.
The PI-95 has an integrated diamond flat punch used to apply a
compressive force on the semi-circular end of the PTP device (Fig. 1).
The load and displacement function of the transducer exhibit a resolu-
tion of 3 nN and 0.02 nm, respectively. The force applied on the spec-
imen is obtained by subtracting the contribution of the PTP device from
the total applied force. After fracture, the spring constant of the PTP
device is measured by performing the in situ test without the specimen.
The engineering stress is determined by dividing the force on the spec-
imen by the cross-section area inside the SEM/FIB dual beam in-
struments. This is achieved after cutting one part of the fractured
specimen by FIB and by aligning the cross-section area perpendicular to
the electron beam. The engineering strain is extracted by dividing the
displacement by the initial gauge length. The displacement is measured
over frames of the in situ movie with digital image correlation (DIC). The
in situ tensile tests are performed in a Thermo-Fisher Osiris microscope
operating at 200 kV under the load control mode.
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Table 1
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Summarized technical data for all the PTP tensile experiments described in this study.

Specimens Type GBS Type of the GB Loading rate Angle with tensile axis Young’s modulus Fracture Stress Fracture Strain
(uN/sec) (GPa) (GPa) (%)
In-situ TEM nanomechanical test on Forsterite (Iron free)
Forsterite -TS-001 Bi-crystal Yes HAGB 0.1 45° 143 2.10 2.67
Forsterite-TS-002 Bi-crystal Yes HAGB 0.05 Curved GB 160 1.030 0.97
Forsterite-TS-003 Bi-crystal Yes HAGB 0.05 Curved GB - 1.291 -
Forsterite-TS-004 Tri-crystal Yes HAGB 0.1 - 75 1.852 3.02
Forsterite-TS-006 Tri-crystal Yes HAGB 0.1 - 160 1.21 1.01
Forsterite-TS-007 Bi-crystal Yes HAGB 0.1 30.5° 130 2.93 2.77
Forsterite-TS-008 Bi-crystal Yes HAGB 0.05 84.5° 225 1.840 0.94
Forsterite-DIC-009 Bi-crystal Yes HAGB 0.1 53.5° 134 1.668 2.10
Forsterite-TS-005 Tri-crystal No HAGB 0.1 - 157 1.732 1.2
Forsterite-TS-009 Bi-crystal No LAGB 0.1 32.5° 93 1.250 4.2
In-situ TEM nanomechanical tests on olivine (Iron content 25 % and 40 %)
Olivine-HB9-25-1 Bi-crystal No HAGB 0.1 65.5° 135 1.67 1.4
Olivine-HB9-25-2 Bi-crystal No HAGB 0.1 36.5° 70 2.413 5.48
Olivine-HB9-25-4 Bi-crystal No LAGB 0.1 Curved 173 3.38 1.92
Olivine-HB9-40-1 Bi-crystal No HAGB 0.1 43.5° 183 1.77 1.1

2.4. Nanoscale digital image correlation (nano-DIC)

A nano-DIC approach was used for the quantification of the small
strain onset of the GBS inside the TEM. For this purpose, fine strain
markers were deposited on the bi-crystal tensile specimen. A sputter
coating machine (Leica EM ACE600) was used for the deposition of a
fine Pt speckle pattern. In the context of the speckle pattern intended for
nano-DIC measurements, the objective is not to achieve a continuous
deposited film, but rather to deposit individual particles. For optimiza-
tion of the particle size, several attempts were made using holey carbon
support films for TEM as substrate material to reach the required size of
the speckle pattern. These films are a cheap and reliable way to test the
particle size and their distribution before applying these conditions to
the real specimen. After optimization of the deposition parameters, a
vacuum of 5 Pa and a current of 60 mA was used to deposit the Pt
speckle. A FIB prepared bi-crystal tensile specimen was kept inside the
sputter coater machine having the stationary stage setting. A very short
deposition time of 3 s was used. Under these conditions, the particles are
primarily spherule-shaped and homogeneously distributed over the
specimen. The final particle size was ~3-5 nm. HAADF-STEM imaging
mode was used for image acquisition during straining with the PTP
device to avoid/minimize the contribution of diffraction contrast which
might affect the quality of the DIC data. After every 5 min, an image of
2048x2048 (611 nm x 611 nm) pixel resolution was acquired with a
dwell time of 7 psec at a camera length of 165 mm (collection angle
about 44.88 mrad). The image resolution was around 0.3 nm/pixel. For
data processing, the DIC Ncorr software (open-source MATLAB script)
developed by Blaber et al. [21] was used. In this data treatment, a subset
window of 20x20 pixels with a step size of one pixel and a strain win-
dow of 25 pixels has been used.

2.5. Molecular dynamics simulations

Molecular dynamics simulations are conducted with the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS [22]). To
model Mg>SiO4 forsterite, we use the rigid-ion parameterization pro-
posed by Pedone et al. [23] which accounts for the long-range
Coulombic forces (computed through the particle-particle-mesh
method [24] as implemented in LAMMPS) and short-range in-
teractions delineated by a Morse function coupled with a repulsive
(r ' term. This potential has been demonstrated to offer a robust
description of numerous properties of forsterite, encompassing bulk,
surface, defect properties [25], as well as grain boundaries [26].

Atomic model of the high-angle GB present in specimen Forsterite-
TS-001, characterized in Fig. 2, is constructed within a periodic
orthogonal cell for which two crystals of given orientations have been

stacked together. We thus begin by orienting a first crystalline grain (1)
such that (627) planes are normal to the Z-axis of the simulation cell.
This is achieved by determining three directions in the rotated crystal,
linear combinations of forsterite crystal lattices, making a Cartesian
reference frame within a tolerance of 1° The corresponding volume is
then filled by replication of Mg,SiO4 crystal motif with care of preser-
ving SiO4 tetrahedra at surfaces of the grain. Following the same
methodology, a second grain is constructed to match the disorientation
axis and angle determined experimentally. As built, the two crystals
display (X,Y) surfaces of different areas. Therefore, both grains are
duplicated before being stacked so that the misfits along X and Y are
below 0.02. Optimized system size for grains (1) and (2) corresponds to
a surface ~27 nm x 22 nm, with (6ﬁ) oriented grain (1) containing
529,200 atoms and grain (2) 327,712 atoms. The near-coincidence site
lattice of this GB is found close to £270. Practically, atomic models are
constructed with the help of the homemade AtomHIC code (freely
available at https://github.com/JeanFurstoss/AtomHIC). One may note
that AtomHIC code also performs a structural analysis of atomic system
to distinguish between crystalline or disordered atomic environments
according to the computation of order parameters (interested reader
may refer to Furstoss et al. [27]).

As built, all systems (grain (1), grain (2) and GB system) are mini-
mized using conjugate-gradient algorithm with a maximum force
criteria of 1010 eV.A ! to compute their respective energies E;, E2 and
E,o. Because of periodic boundary conditions, the GB system contains
two complexions of the investigated GB. Therefore, we estimate the GB
mean energy 7 as:

_ Ex—E —E
Y
where A taken as 27 x22 nm?, represents the GB boundary area.

Molecular Dynamic simulations of GB shear deformation are per-
formed in the NVT ensemble using a timestep of 1 fs. Shear yyy is
continuously increased every 5 fs, leading to a 2.10'% s ! constant shear
strain rate.

2.6. First-principles calculations

First-principles calculations for forsterite (Mg,SiO4) and fayalite
(FeySi04) compositions are carried out using VASP calculations [28]. All
simulations are static, involving no characteristic timescale. They are
based on the density functional theory (DFT) using a plane wave basis
set and the projector augmented wave method (PAW) [29]. Exchan-
ge—correlation energy is accounted by employing the Perdew-Wang,
gradient-corrected functional (GGA) [30]. For fayalite, we rely on
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Fig. 2. PTP test on single olivine GB. a) Engineering stress-strain curve on specimen forsterite-TS-001 (Table 1) with BF-TEM image after fracture shown in the inset.
b) Magnified image showing a small portion of grain G2 which is still in contact with grain G1 as well as ACOM-TEM analysis of the same area. c,d) Stereographic
projection and schematic illustration showing the GB misorientation axis and GB planes in the reference systems of G1 and G2 and the inclination of the GB plane
with respect to the surface (~20°), respectively. e) superposition of the first and last frame (just before fracture) of the in situ movie. g) GB resolved shear stress

(GBRSS) as function of the plastic shear displacement.

GGA+U, whereby strong correlation is captured via an additional local
Hubbard repulsion of magnitude U [31]. To ensure an adequately
atomic force convergence, plane-wave basis set expansion was limited
using a kinetic energy cut-off of 520 eV for forsterite and 800 eV for
fayalite, coupling here to simplified GGA+U = 2.0 eV scheme [31-33].

Glass excess energies, here taken as the excess energy of an amor-
phous state with respect to the crystalline counterpart, are evaluated for
a single atomic amorphous configurations corresponding to either
Mg2SiO4 or FeySiO4 chemical composition. The glass structure is ob-
tained from classical MD simulations (as presented above) considering a
Mg2SiO4 liquid of 228 atoms heated to 3300 K and then quenched using
a molecular static scheme. The as-quenched configurations are then
minimized using VASP to compute the glass configuration energy and
volume corresponding to the respective chemical composition Mg,SiO4
and FeySiOy.

First-principles calculations have also been used to investigate the
brittle failure of Mg2SiO4 and Fe2SiO4 compounds by calculating the
critical stress for cleavage along the (100), (010) and (001) planes. In
such calculations, deformation is localized in the vicinity of a cleavage
plane in order to extract the decohesion force of the plane. The initiation
of a crack tip can indeed be modelled by two nearly parallel surfaces.
The cleavage stress in mode I are thus calculated within a periodic
system composed of four unit-cells stacked along the direction of
loading. Ideal brittle cleavage is then modelled by incrementally intro-
ducing a rigid separation between the two half blocks of the system [34].
As already reported [34], decohesion energy plotted versus separation
distance shows an initial “elastic” behaviour followed by a region of
instability before reaching a constant energy plateau commonly re-
ported as the cleavage energy. In this work, we define the cleavage stress
as the stress derived from the so-called Universal Binding Energy Rela-
tion [35].

3. Results
3.1. Stress-induced amorphization and GB sliding in MgsSiO4

Fig. 2a shows two loading cycles performed on a Mg»SiO4 forsterite
bi-crystal. The maximum load was 150 pN for the first deformation cycle
(cyclel-blue curve in Fig. 2a). After this cycle, the experiment was
stopped in order to set the parameters of the second cycle with a
maximum load of 300 pN (cycle2-red curve in Fig. 2a). In this cycle,
fracture occurred along the GB (inset in Fig. 2a) at an applied stress of
2.1 GPa and a total strain of 0.026. The strain produced in the linear
regime in cycle 1 was fully recoverable. However, plastic deformation
occurs in cycle 2 as evidenced by a deviation from the pure elastic
regime detected at ~1.5 GPa engineering stress. In Fig. 2e, the super-
position of the first and last frame (just before fracture) of the in situ
movie reveals the presence of a small step at the left edge of the spec-
imen suggesting a displacement along the GB (see also Video S1). No
intragranular deformation mechanisms (e.g. dislocations) were observed
before and during loading. The plastic strain measured in cycle 2 is thus
mainly accommodated by GB sliding as shown in Fig. 2e and 2f. No GB
sliding was observed at the right edge of the specimen and a small
portion of grain G2 is still in contact with grain G1 after fracture in
Fig. 2b. This suggests that the sliding process is heterogenous.

The nature of the boundary was characterized after fracture. Fig. 2b
shows the analysis of the GB using automated crystallographic orien-
tation mapping in the TEM (ACOM-TEM) on the small portion of the GB
which had resisted to GB sliding at the right edge of the specimen. This
boundary is a high-angle GB with misorientation angle 85.5° and
misorientation axis [362]. The GB plane was identified as (7 12 10)
(resp. (6 2 7)) in the reference system of grain G1 (resp. grain G2), see
Fig. 2c.
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Fig. 2g reports the mechanical behavior of a single GB undergoing
sliding in terms of the variation of the resolved shear stress as a function
the plastic shear displacement. The GB plane is determined by using the
Euler angles from ACOM-TEM and the inclination of the GB plane with
respect to the surface (~20° in Fig. 2d). This inclination was extracted
by measuring the thickness of the specimen (~ 213 nm) and the width of
the projection of the GB plane after fracture (red arrows in Fig. 2b). The
GB resolved shear stress is calculated as equal to ocos(a)cos(f), with ¢
the applied engineering stress, o the angle between the tensile axis and
the direction of sliding while f is the angle between the tensile axis and
the normal to the GB plane. For the specimen forsterite-TS-001 shown in
Fig. 2, @« = 45° and § = 48°. The plastic shear displacement in Fig. 2g is
determined by measuring the projection of the normal displacement
along the direction of sliding. Fig. 2g shows that GB sliding occurs under
a resolved shear stress of about 800 MPa.

in situ TEM nanomechanical testing was combined with nanoscale
digital image correlation (nano-DIC) to further characterize GB sliding
(see more details in the Methods section). In Fig. 3a and Fig. 3b, a
speckle of Pt nano-particles with an average size of 3-5 nm was sput-
tered on the olivine bi-crystal. In this case, the boundary is a high-angle
GB with a misorientation angle 62.5° and misorientation axis [12 2 1].
The GB plane was identified as ( 2 5 5) (resp. (4 12 11 )) in the refer-
ence system of grain G1 (resp. Grain G2), see Supplementary Fig. S1. The
PTP tensile test was performed in the load control mode with a loading
rate of 0.1 uN/s. An apparent Young’s modulus of 134 GPa was
extracted. The stress-strain curve shown in Fig. 3c was extracted by
tracking Pt particles in the area indicated by the yellow square in Fig. 3a.
Fig. 3c shows that the specimen deforms plastically before breaking
along the grain boundary at a tensile stress of about 1.7 GPa and a total
strain of 0.021. Careful examination of the edges of the fracture at the
GB (Fig. 3d) confirmed the activation of GB sliding similar to the results
shown in Fig. 2. Fig. 3e shows the evolution of the displacements along
and perpendicular to the GB determined by tracking the Pt particles over
the area indicated by the yellow square in Fig. 3a. At about 0.017
macroscopic strain, the displacement field inside the GB region shows a
transition from an elastic and homogenous deformation to a second
regime where the strain is mainly accommodated by sliding along the
GB. Fig. 3f shows the shear strain map obtained from the yellow square
in Fig. 3a. Note the heterogeneity of the magnitude of the local shear
strain along the GB with values ranging from 1.75 % in the bottom right
side to 0.9 % in the upper left side. This is in agreement with the
heterogenous sliding of the GB already observed in Fig. 2.

Fig. 4 illustrates detailed characterization by high resolution TEM
(HRTEM) of the fracture surface at the GB of Fig. 2. Fig. 4a shows that,
amorphization occurred at the GB as demonstrated by the Fast Fourier
Transform (FFT-a(2)) in the same figure. Furthermore, small olivine
nano-crystallites with different crystallographic orientations are detec-
ted within the amorphous phase (FFT-a(3)). Fig. 4b shows another
location on the same GB. It shows that some nano-crystallites form twin-
like interfaces. These indications point to deformation under high stress.

Molecular dynamics (MD) simulations were conducted to investigate
GB sliding in forsterite. We have chosen to carry out a calculation that
reproduces the situation of the experiment described in Fig. 2. As
described in the Methods section, we build a system containing a GB
with a 85° misorientation where the grains coexist along (627) and
(7 12 10) planes. The structure of the as-built GB appears essentially
crystalline (Fig. 5a) and the GB energy is7 = 1.70 Jm~2, a value which
compares well with the various GB energies computed previously in
forsterite [26,27,36]. The cell is deformed by simple shear at 300 K and
2.10% 571, The stress-strain curves are shown on Fig. 5c. The elastic
regime ends at a peak stress of 3.5 GPa, followed by a weakening of
approximately 0.75 GPa leading to a steady state flow at 2.75 GPa. This
stress level is higher than that observed experimentally due to a higher
strain rate (10> to 107% s~ in the PTP tests), the same applies to the
elastic domain preceding the amorphization threshold. A similar
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behavior has already been observed between the experimental [37] and
numerical [38] deformations of amorphous olivine alone. During shear,
the width of the disordered regions around interfaces increases high-
lighting that GBs, which localize deformation, undergo amorphization
(Fig. 5b). The evolution of the thickness of the amorphous layers with
finite shear strain presented in Fig. 5¢ shows a monotonous increase
with strain. This establishes a direct link between the growth of the
amorphous layer and plastic shear. In fact, no other intracrystalline
deformation mechanism (dislocations) is detected in the crystalline
layers. The growth rate of the amorphous layer has an average of 8 A/
100 % strain. This rate is likely to depend on the GB orientation and
misorientation. Further calculations to investigate the role of crystal
orientations on SIA are underway and will be presented at a later date.

3.2. Effect of Fe on SIA and GBS

Fig. 6 shows the results of PTP tests performed on (Mg,Fe);SiO4
olivine bi-crystals with 25 % and 40 % Fe. The boundary in specimen
containing 25 % Fe (Fig. 6a) is a high-angle GB with a misorientation
angle 55° and a misorientation axis (12 3 7), see Supplementary Fig. S2.
The GB plane was identified as (1 6 1 ) (resp. ( 7 7 9)) in the reference
system of grain G1 (resp. Grain G2). This specimen fractured along the
GB (Fig. 6d) at an applied stress of 1.67 GPa and a total strain of 0.014
(Fig. 6b) but without any clear evidence of plasticity, in contrast with
the Mg»SiO4 specimens shown in Fig. 2. There is a slight change of slope
from the elastic linear regime (green line in Fig. 6b) around 0.007 strain
in the stress-strain curve of Fig. 6b, but no clear evidence of GB sliding
can be detected at the magnification of Fig. 6¢. Furthermore, there was
no evidence of intragranular dislocation activity. Interestingly, Fig. 6d
shows the presence of a very thin amorphous layer (~10 nm) at the edge
of the cracked boundary. This could explain the slight deviation from
elasticity observed in Fig. 6b It is worth noting that, Electron energy loss
spectroscopy (EELS) results revealed local enrichment of Fe>* in the
amorphous layer (Supplementary Fig. S3) in agreement with Kranjc
et al. [6]. However, in contrast with the HRTEM observations of the
Mg,SiO4 specimen shown in Fig. 4, the thin amorphous layer in Fig. 6e
does not exhibit any traces of nanocrystallites. The GB of specimen
containing 40 % Fe is a high-angle GB with a misorientation angle 95°
and misorientation axis [10 7 10] (see Supplementary Fig. S4). The GB
plane was identified as ( 2 12 1) (resp. ( 12 3 4) in the reference system
of grain G1 (resp. Grain G2). Fracture occurred along the GB (Fig. 6i) at
an applied stress of 1.77 GPa and a total strain of 0.011 but without any
evidence of GB sliding (Fig. 6h). In this instance, no amorphous layer
could be detected along the cracked GB (Fig. 6j). This finding is
consistent with the absence of any indication of plasticity in Fig. 6g
where there is no clear evidence of deviation from pure elasticity. The Fe
content in olivine appears as a crucial factor in the potential activation
of GBS and SIA in olivine.

4. Discussion

Stress-induced amorphization promoting GBS was reported in bulk
synthetic forsterite aggregates deformed with a Paterson press or triaxial
multi-anvil press at temperatures around 1000 °C [7]. This is usually
considered as a low temperature regime in this refractory silicate (T, =
1890 °C) and confining pressure is generally necessary to achieve a
ductile regime [39]. Here we show that SIA can be activated at room
temperature in the case of very small specimens. This finding agrees
with the observations of Kranjc et al. [6]. However, in their case, SIA
appeared as shear lamellae in single crystals whereas our study high-
lights the role of grain boundaries along which SIA is localized. In both
cases, the RT activation of SIA is related to the lack of dislocation activity
as well as the high stress levels reached in these micromechanical testing
experiments. The slightly lower stress levels in our study, compared to
those of Kranjc et al. [6], suggest an easier activation of SIA at the
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Fig. 4. High resolution TEM analysis after fracture. (a) and (b) HR-TEM images acquired in two different locations on the fracture surface at the GB of Fig. 2
(Forsterite-TS-001 in Table 1). FFTs have been generated from the corresponding red squares shown in the images. Note the formation of amorphous phase in FFT-a
(2) and FFT-b(4). FFT-a(1) was generated from the crystal in square (1) while FFT-a(3) was obtained from image (a). The amorphous phase confines small olivine
nano-crystallites with different crystallographic orientations as shown in FFT-a (3). Some of these nano-crystallites form twin-like interfaces, see FFT-b(5) and

image (5).
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Fig. 5. MD simulations of shear induced amorphization and GB sliding. The simulations were achieved on a GB similar to the Forsterite-TS-001 specimen deformed
by the PTP (see Table 1 and Fig. 2). (a) and (b) structure of the GB before and after shear deformation showing GB amorphization. (c) The stress-strain curve together
with the evolution of the thickness of the amorphous layer with shear strain. The later shows a monotonous increase of the thickness with strain.

structural defects formed by GBs. Indeed, the experiment in which a
specimen containing a LAGB (Forsterite-TS-009, see Table 1 and Sup-
plementary Fig. S5) was deformed did not lead to SIA. However, this
conclusion must be taken with caution due to the limited number of
LAGBs characterized in the course of the study when compared to
HAGBs. More PTP tests on LAGBs will be needed to confirm this trend.
The activation of SIA is also probably due to the impossibility of acti-
vating non-diffusive plastic deformation mechanisms in olivine GBs. To
date, neither electron microscopic characterizations nor numerical
modelling [26,27] have demonstrated evidence of glide of dislocations
or disconnections in olivine GBs. To confirm this, we carried out dedi-
cated MD simulations (Fig. 5) on a GB similar to the one used in the PTP
test (Fig. 2). Apart from SIA, no plasticity mechanism is activated in the
GB. GB sliding results from SIA and plastic shear within the amorphous
phase at the GB. The thickness of the amorphous phase increases with
increasing  shear strain  demonstrating that SIA is a
deformation-producing mechanism. In our experiments, the fracture
stress ranges from 1 GPa to 3 GPa while the fracture strain at the GB does
not exceed 0.03. This fairly low ductility is due to the small thickness of

the specimens which drastically reduces the amplitude of out-of-plane
GB sliding. Indeed, amorphous olivine has been shown to exhibit sig-
nificant ductility at small scales [37].

The use of very small specimens has enabled us to characterize the
mechanical behavior of individual GBs. Plastic flow associated with GB
sliding was observed at RSS around 800 MPa (Fig. 2g). However, despite
the very small size of the specimens, it is likely that this value masks
significant variation, as the local stress required to activate SIA at a
potency site being certainly large. This is suggested by the nano-DIC
deformation analysis, which shows inhomogeneous shear strain
(Fig. 3), and by the incomplete fracture of the GB of the specimen of
Fig. 2b On an even smaller scale, the presence of nano-crystallites within
the amorphous phase shown by HRTEM analysis of the fractured GB
(Fig. 4) adds to this picture of an heterogenous process. Some of these
particles meet and form low energy interfaces such as twin like in-
terfaces. Similar nano-crystallites have been observed in amorphous GBs
in bulk olivine deformed with a Paterson press at 0.3 GPa and 950 °C
(see Supplementary Fig. S6) and presenting GBS and SIA [7]. This in-
dicates that the same mechanism is activated at RT in the PTP
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Fig. 6. Effect of Fe on SIA and GBS. Results of PTP tests performed on (Mg,Fe),SiO4 bi-crystals with 25 % (specimen Olivine-HB9-25-1 in (a-e)) and 40 % Fe
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features cannot be detected in (g) and (j).

experiments. We can hypothesize that these amorphization heteroge-
neities are linked to local structural heterogeneities of the GB (com-
plexions) which, in these silicates with their complex crystallochemistry,
can be much more diverse than in metals [40-42]. Further post-mortem
and in-situ TEM analysis of GBs have shown shear at the interface
together with the crystal-to-amorphous transition at the GB in PTP and
bulk olivine specimens deformed with a Paterson press at 0.3 GPa and
950 °C (Supplementary Fig. S7 and Fig. S8) as well as slow and pro-
gressive growth of the amorphous layer front at the GB in PTP specimens
(Supplementary Fig. S9), which confirm that the amorphous layer at the
GB is not an artifact originating from FIB preparation.

The observation that iron-rich samples are more brittle and pure
magnesium end-member samples more ductile (albeit with an unusual
mechanism involving amorphization) is counter-intuitive given that
creep response at high temperatures would impose an opposite view
(higher iron content increases ductility, e.g. Zhao et al. [43]). To gain a
better understanding of this behavior, modelling at atomic scale was
performed to compare, in the absence of other plasticity mechanisms,
the respective tendencies of olivine to amorphization and brittle frac-
ture. In order to discriminate between the two end-members of olivine,
Mg,SiO4 forsterite and Fe,SiO4 fayalite, with enough degree of accu-
racy, calculations based on the density functional theory (DFT) are
needed since reliable classical MD potentials are not available for Fe
ternary compounds. Our understanding of amorphization mechanisms is
not sufficiently advanced to allow convincing modeling. Faced with this
difficulty, Hu et al. [44] presented a theoretical analysis of the
amorphization tendency based on the energy difference between the
crystalline and amorphous phases. Excess energy of amorphous Mg,SiO4
(Fo) and Fe,SiO4 (Fa) computed for the same inherent glass structure

leads to AEp, = 0.2 eV/at while AEr, = 0.23 eV/at, suggesting that the
amorphous state of fayalite is slightly more energetic than that of
amorphous forsterite. However, this difference remains very small and
not very decisive compared with those presented in the study by Hu
et al. (2023). To further assess the tendency of olivine to amorphize or
undergo brittle fracture, we compare the decohesion energy for different
planes in these two compounds forsterite and fayalite (Fig. 7). The
decohesion energy can be modelled using the following expression,

where I is a critical length and G is the ideal cleavage energy.

AFideal — Gideal {1 - (1 +%> exp (—x/ lb)]
The cleavage energy Gid is a characteristic of a crystallographic
plane. Regardless of phase composition, the lowest brittle cleavage en-
ergy is found for the (010) plane, while the highest value is found for the
(100) plane. However, ideal cleavage energies are systematically found
higher in Mg,SiO4 forsterite. In terms of cleavage stress, the previous
expression can be used to derive the corresponding critical cleavage
stress 6. = Gi%@ /el,. As shown in Table 2, the critical cleavage stresses
for forsterite are higher than those calculated for fayalite. While
chemical composition appears to have a significant effect on mechanical
response (amorphization or cleavage) to high stress, it is difficult to see
this as a consequence of olivine’s intrinsic properties. As our study is
based on grain boundary behavior, this difference in behavior suggests
an important influence of chemistry on grain boundary structure
(complexions) and properties.

SIA-induced GB sliding must be considered in the broader context of
olivine deformation. The deformation of olivine has long been discussed
[45] in terms of dislocation creep versus diffusional creep (Fig. 8).
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Fig. 7. Decohesive energy AE!4®®! as a function of the rigid opening x of the structure, calculated by DFT for ideal cleavage simulations for forsterite (red) and fayalite
(black). (a) cleavage plane (100), (b) cleavage plane (010) and (c) cleavage plane (001). For fayalite, the cleavage threshold is reached for lower cleavage energy, but
also at significantly lower cleavage stresses (accordingly to the Universal Binding Energy Relation fitted on the DFT results).

Table 2
Cleavage energy Giled
Fe,Si04 and Mg,SiOy4,

, critical length [,, and critical cleavage stress o, for

G (J/m*) I, (&) oc (GPa)
(100) 6.83 0.58 43.6
Forsterite Mg,SiO4 (010) 3.23 0.67 17.7
(001) 4.44 0.73 22.4
(100) 4.48 0.49 33.5
Fayalite Fe,SiOy4 (010) 2.19 0.57 14.1
(001) 2.82 0.63 16.5

Although this is not always emphasized, GB sliding significantly con-
tributes to macroscopic strain during diffusional creep [46,47]. In this
case it is referred as diffusion-accommodated GB sliding [48]. Addi-
tionally, an experimentally identified creep mechanism called DisGBS
(for dislocation-accommodated GB sliding) was found to be grain size
sensitive on the basis of rheological data on olivine aggregates deformed
near the transition between dislocation creep and diffusion creep [49].
Activation of this mechanism was reported in naturally deformed peri-
dotites from upper mantle shear zones [50]. The consideration of
DisGBS has expanded the range of conditions under which GB sliding
activates, which is typically T > 1100 °C, grain sizes <10 um, ¢ < 200
MPa (Fig. 8). Although the contribution of different types of defect
activation has been suggested, such as disclinations [51] and discon-
nections [52], the microscopic mechanisms underlying DisGB sliding are
not yet clearly established. It should be noted that the presence of fluids
or melts at grain boundaries enhances GB sliding [53]. However, the
presence of amorphous films at grain boundaries in these samples after
deformation should not be confused with that obtained by solid-state
amorphization as described in our study. SIA-induced GB sliding dif-
fers significantly from other modes of GB sliding in terms of its activa-
tion conditions (T < 1100 °C, ¢ > 1 GPa). Therefore, it is interesting to
highlight a new low-temperature, high-stress domain where
SIA-induced GB sliding occurs on deformation maps at the interface
between low-temperature plasticity and cleavage fracture (Fig. 8).

5. Conclusions

Based on in situ deformation experiments on sub-micron olivine bi-
crystals at RT, we show that GBs are weak zones where SIA preferen-
tially occurs. Molecular dynamics modelling confirms the TEM obser-
vation that no other plasticity mechanism is activated, either in the
crystals or in the GB. It shows that the cumulative plastic strain is pro-
portional to the thickness of the amorphous layer that localizes the
shear. SIA-induced GB sliding is therefore a distinct deformation
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Cleavage fracture
SIA-induced GB sliding
10° - Exponential law creep
Dislocation creep
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Fig. 8. This deformation map of olivine, taken from [45], shows the various
domains in which GB sliding is expected. The area of DisGB sliding, which was
not shown on Ashby and Verrall’s original map, has been added in orange. The
activation area of SIA-induced GB sliding has been added in yellow. Deforma-
tion mechanism maps usually depict the primary deformation mechanism,
although other mechanisms may still be present. The aim of this map is simply
to identify areas where these mechanisms may contribute; it does not claim that
they are dominant.

mechanism competing with fracture at low temperatures. The difference
in behavior between Mg-rich and Fe-rich olivine shows that chemistry is
an important factor controlling this behavior. The very fine scale het-
erogeneity of the information leads us to postulate that the structure of
the GB is likely to be equally important.

These observations open up prospects beyond olivine for controlling
the properties of hard materials at low temperatures. While GBs are
generally considered to be hardening and embrittling elements, we show
that controlling their structures (possibly through their chemistry) can
promote some ductility in a domain where no other mechanism is active.
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