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Intragranular amorphization shear lamellae are found in deformed olivine aggregates. The detailed trans-
mission electron microscopy analysis of intragranular lamella arrested in the core of a grain provides
novel information on the amorphization mechanism. The deformation field is complex and heteroge-
neous, corresponding to a shear crack type instability involving mode I, II and IIl loading components.
The formation and propagation of the amorphous lamella is accompanied by the formation of crystal

Keywords: defects ahead of the tip. These defects are geometrically necessary [001] dislocations, characteristics
Stress-induced amorphization mechansims of high-stress deformation in olivine, and rotational nanodomains which are tentatively interpreted as
Shear band disclinations. We show that these defects play an important role in dictating the path followed by the
Olivine

amorphous lamella. Stress-induced amorphization in olivine would thus result from a direct crystal-to-

amorphous transformation associated with a shear instability and not from a mechanical destabilization

due to the accumulation of high number of defects from an intense preliminary deformation. The pref-

erential alignment of some lamellae along (010) is a proof of the lower ultimate mechanical strength of
these planes.
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1. Introduction tation). Originally, solid-state amorphization has been mostly con-

sidered as a response to pressure [10,11] and interpreted on the

Plastic deformation of crystalline solids is generally mediated
by the motion of defects: point defects, dislocations or grain
boundaries. Unlike these conventional deformation mechanisms,
there is a growing body of evidence of deformation made by
atomic scale amorphous band formation in ceramics [1-5] and in
other covalently bonded solids like semiconductors [6-9] subjected
to shocks or deformed at low temperature (for example by inden-
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basis of thermodynamics and of mechanical stability arguments
[12,13]. A kinetically preferred transformation path is proposed to
arise due to a frustration in the attainment of the high-pressure
equilibrium crystalline state. The efficiency of shear in promoting
amorphization at lower pressures was however early recognized
[14] and led to considering stress-induced amorphization as a de-
formation mechanism [9,15-18]. However, the elementary mecha-
nisms driving the amorphization as well as its links with the other
deformation mechanisms still need to be clarified.

Ovid’ko [19] distinguishes two possible classes of amorphization
induced deformation mechanisms. In the first case, amorphization
is an ultimate stage of plasticity and results from a structural col-
lapse related to an accumulation of crystal defects [20]. This is
the mechanism envisaged for metals with a sufficient ductility.
For example, Koike et al. [21] observed the amorphization of a
NiTi alloy rolled at room temperature. The microstructural analysis
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revealed very high dislocation densities 1017-10'® m™ in the vicin-
ity of amorphous areas. Based on the estimation that the elas-
tic energy arising from this dislocation density is of the same or-
der as the crystallization energy, Koike et al. concluded that dis-
location accumulation is the major force driving the amorphiza-
tion in cold-rolled NiTi [21]. The role of dislocations is however
not limited to ductile crystals. In superhard boron suboxide (BgO)
subjected to nanoindentation, the observation of dislocation loops
next to amorphous bands led Reddy et al. to relate the collapse
of the crystal lattice to the accumulation of dislocations during
shear sliding [22]. This model has been again applied recently by
Reddy et al. to account for amorphization in B4C [23]. A simi-
lar conclusion was reached by Lin et al. [24] for monoclinic y-
Y,Si; 07, a refractory ceramic indented at room temperature, based
on striking similarities between the organization and properties of
amorphous layers, and the one of slip bands containing disloca-
tion pile-ups. The role of dislocations has also been proposed to
account for the amorphization of covalent solids. The observation
in electron microscopy of ball-milled silicon [25] has shown that
amorphization initiates along defects (dislocations, stacking faults).
This mechanism has been confirmed since then [26] with however
some discussions about the possible implication of some interme-
diate phase (diamond-hexagonal, see He et al. [8]). In a molecular
dynamics-based numerical study, Chen et al. [27] considered, like
Lin et al. [24], the amplifying role that dislocation pile-ups can play
in triggering silicon amorphization. Besides dislocations, the role of
elastic distortions at disclinations has been discussed from a the-
oretical point of view, in particular for disclination quadrupoles in
deformed nanomaterials [16].

The second case of amorphization, proposed by Ovid'ko
[19] considers the possibility that amorphization directly results
from an elastic instability under high stress when other deforma-
tion mechanisms are inhibited [9]. There are indeed many experi-
mental evidence of amorphization without the prior formation or
accumulation of crystal defects. This is the case for example of the
quartz micropillars drawn during in situ deformation in a transmis-
sion electron microscope [28]. In the intermetallic SmCos, Luo et al.
demonstrated by molecular dynamics (MD) simulations that plastic
deformation can be produced through the formation of amorphiza-
tion shear bands without the need of dislocations [29].

This study addresses the stress-induced amorphization of
olivine, the main constituent of the upper mantle of the Earth,
which may contribute to the viscosity drop at the lithosphere-
asthenosphere boundary [30]. Olivine is known to be very difficult
to vitrify by melt quenching [12]. The first report of amorphization
of olivine has been made by Jeanloz et al. [31] in shocked samples
recovered from peak pressure of about 56 GPa (see also recent re-
port of amorphization shear bands in shocked olivine from Zhao et
al. [9]). The contribution of stress-induced amorphization to plas-
tic deformation of olivine has first been reported in single crystal
micropillars deformed in compression [32] at room pressure and
temperature. Then Samae et al. [30] reported pervasive occurrence
of amorphization along grain boundaries in specimens deformed at
low temperature, i.e. below 1200 °C [30]. This stress-induced amor-
phization of grain boundaries was shown to strongly promote grain
boundary sliding. Apart from the fact that the latter study high-
lighted that amorphization occurred preferentially along planar de-
fects (grain boundaries), it did not allow conclusions to be drawn

Table 1
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as to the amorphization mechanism itself. In the present study,
we further investigate the samples of Samae et al. [30] by trans-
mission electron microscopy (TEM) and by focusing on amorphous
intragranular lamellae not previously described. We pay particular
attention to a lamella which stops within a grain. The detailed ex-
amination of this interrupted propagative event allows us to study
the formation of this amorphous lamella and to shed some light on
its structural environment and thus on the mechanisms responsi-
ble for stress-induced amorphization in olivine.

2. Materials samples and experimental methods

The specimens come from two previous, independent studies
by Bollinger et al. [33] and Gasc et al. [34]. The deformation con-
ditions are summarized in Table 1. Specimen NF1050-1 was de-
formed by Gasc et al. [34] in a high-resolution gas-medium high-
pressure deformation apparatus [35] which allows axial compres-
sion tests at high temperature (up to 1600 K) under a confining
pressure of 300 MPa using argon gas. With this device, the ax-
ial force is measured during deformation with an internal piezo-
resistivity load cell yielding high resolution stress-strain curves (by
minimizing friction, which lead to uncertainty on the differential
stress less than 20 MPa). A constant displacement rate was set
based on the initial length of the sample to yield a stress plateau
with a strain rate of 10~ s~!. Since the confining pressure ap-
plied by this gas-medium apparatus is small compared to man-
tle pressure, and to ensure that amorphization is not inhibited at
high pressure, we have also characterized specimens (here we de-
scribe M628 only) deformed by Bollinger et al. [33] at 5 GPa (cor-
responding approximately to a depth of 140 km). To perform defor-
mation experiments in this pressure range, a large volume multi-
anvil system with employs six independently acting hydraulic rams
[36] was used. This press is designed to perform deformation ex-
periments using cubic solid pressure-media compressed between
six square-faceted anvils that could each be moved independently.
The maximum attainable sample pressure depends on the edge
length dimension of the anvils. The high-pressure cell contains a
heater which allows high-temperature experiments up to ca. 2000
K and the temperature is monitored with a thermocouple. For
stress and strain to be measured, the press must be operated on
a synchrotron beamline. This is not the case here so the stress is
unknown and the strain is only qualitatively estimated from the
displacement of the anvils.

In order to perform TEM analysis, the specimens were first me-
chanically polished down to a thickness of 30 wm. The sample
foils mounted on Mo or Cu grids were Ar-ion sputtered with a
Gatan DuoMill model 600 to reach electron transparency. In case
of specimens deformed in the multi-anvil press, a final polishing
was performed during a few minutes at grazing angle with a Gatan
PIPS II model 695. A thin carbon layer was deposited to ensure
electron conduction on the thin foils. Conventional high resolution
TEM (HRTEM) images were acquired using a FEI Osiris at an op-
erating voltage of 200 kV (Antwerp) and with a FEI Tecnai-G2-20
twin microscope operating at 200 kV with a LaBg filament (Lille).
HRTEM and high-resolution scanning TEM (STEM) imaging was
also performed on the QuanTEM, a FEI Titan® microscope, operating
at a 300kV acceleration voltage and equipped with both TEM and
STEM aberration correctors (Antwerp). High resolution high-angle-

Summary of the deformation conditions. For experiments performed in the six-ram press, the final strains are esti-
mated from the displacements of the pistons while the stress is not measured.

Ref sample Apparatus Pressure (GPa)  Temperature (°C) Final strain (%)  Final stress (MPa)
NF1050-1 [34] Paterson press 0.3 1050 104 1140
M628 [33] Six-ram press 5 1200 20 -
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annular-dark field scanning TEM (HAADF-STEM) images were ac-
quired using a convergence semi-angle « of 22 mrad and 25 pA
probe current, the ADF inner acceptance angle 8 and the Electron
energy loss spectroscopy (EELS) acceptance angle were both equal
to 28 mrad. The strain field surrounding the extended defects is
mapped out using the geometrical phase analysis (GPA) approach.
The GPA maps were calculated using an in-house software based
on the work from Hytch et al. [37] and Rouviére et al. [38]. The
edges of the mask used for the selection of the FFT spots were
Gaussian smoothed to prevent influence from the sharp edges in
the reconstructed GPA images. The selected Fourier spots and the
position of the mask are systematically drawn in the experimental
images. EELS was conducted with the same microscope equipped
with a Gatan K2 Summit camera placed at the back of a Quan-
tum GIF. For these measurements, the microscope was operated at
300 kV in the monochromated mode, providing an energy resolu-
tion 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. The K2 camera keeps the energy resolution to 1
pixel (0.25 eV) thanks to its direct electron detection capability in
counting mode, allowing a greatly improved direct quantum effi-
ciency (DQE) compared to standard CCD sensors. Subsequently, the
region corresponding to the EELS spectrum imaging was also im-
aged in HRTEM to confirm the absence of beam damage on the
area of interest. The sensitivity to the electron beam of the olivine
samples used in the present work was more marked in the STEM
mode (compared to the TEM mode). HAADF and ABF-STEM condi-
tions were simultaneously applied at low electron dose (the first
one allowing quick contrast assessment, the second improving the
image contrast compared to HAADF-STEM for a similar dose). This
explains the noise in the images compared to other materials with
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higher stability under the electron beam such as in ceramics or
metals. However, this did not hinder extracting relevant informa-
tion regarding the mechanisms controlling stress induced amor-
phization in this material as shown hereafter.

3. Results of TEM analysis

Evidences of stress-induced amorphization at grain boundaries
were reported in [30], and proposed to be responsible for pro-
moting grain boundary sliding at ca. 1050 °C. Here we show that,
in the same samples, some intragranular amorphous lamellae are
also observed. These lamellae are mainly found in the samples of
Bollinger et al. [33] deformed at 5 GPa, but also, though very oc-
casionally, in the samples from Gasc et al. [34]. These intragran-
ular amorphous lamellae are generally very thin (a few nanome-
ters as shown in the HAADF-STEM images of Figs. 1a and 1b from
the sample NF1050-1 deformed at 1050°C). The inverse FFT (IFFT)
with 002 in the lower right inset of Fig. 1a confirms the shear-
ing of these planes across the lamella. The sample M628 deformed
at 1200 °C shows an intracrystalline deformation microstructure
with dislocations but there is no apparent relationship between
the microstructure of the amorphous lamellae and that of the dis-
locations (see the dark field TEM image of Fig. 1c). In particular,
we see no indication that amorphous lamellae result from disloca-
tion accumulations. This important finding was previously reported
by Samae et al. [30] with respect to amorphous grain boundaries.
Some lamellae show crystallographic control (facets in Fig. 1d)
with preferential orientation close to (010) habitus, but this is not
a strictly respected rule.

The EELS spectra of the O-K-edge in the crystal and in the shear
band (Fig. 1e) are in perfect agreement with recently published
XANES results on crystalline and amorphous forsterite respectively
[39]. The radiation-induced peak at 530 eV (marked with an *) is
from O, liberated during damage by the incident electron beam
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Fig. 1. Intragranular amorphization shear bands in olivine. (a) HAADF-STEM image of a shear band nucleated from a GB triple junction and stopping inside the grain in
the sample deformed at 1050 °C and 0.3 GPa. (b) Zoom from the white square in (a) showing the amorphous nature of the band. The FFT in the top right inset shows the
indexation of the zone axis while the IFFT with 002 in the lower right inset confirms the shear of these planes across the lamella. (c) Diffraction contrast dark-field TEM
image showing an amorphization shear band in the sample deformed at 1200°C and 5 GPa. There is no relationship between the dislocation microstructure and the shear
band. (d) HRTEM image from (c) showing the presence of steps along the band. (e) and (f) EELS spectra of the O-K-edge and Mg-K-edges, respectively, in the crystal and in

a shear band.
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Fig. 2. Characterization of the displacement field induced by an amorphization shear band in the NF1050-1 sample deformed at 1050 °C. (a) High resolution ABF-STEM
image on the nucleation of an amorphization shear band from the edge of an amorphous GB. (b) Zoom from the white square in (a) showing the amplitude and direction
of the in-plane shear at the nucleation site (mode II). (c) Three FFTs from the red, blue and green squares in (a). The rotation of the spots in the red and green FFTs (see the
red and green lines in the lower panel) confirms the presence of mode I while the difference of the intensities of the spots in these FFTs is in agreement with out-of-plane
shear (mode III). (d) HAADF-STEM image of the same region in (a). (e) Zoom from the white square in (d) showing the presence of structural heterogeneities within the

band.

[40] and was also detected in the XANES study mentioned earlier.
The Mg-K-edges in Fig. 1f are similarly in agreement with crys-
talline and amorphous forsterite investigated by XANES. In conclu-
sion, the EELS measurements confirm that the shear bands are pre-
dominantly made of amorphous olivine (note that identical EELS
data were collected on the amorphous intergranular layers).

The high-resolution ABF-STEM image of Fig. 2a shows an amor-
phization shear band (SB) that has been thoroughly characterized
in specimen NF1050-1 deformed at 1050°C. This SB originates from
the edge of an amorphous grain boundary (“a-GB” in Fig. 2a) and
ends in the interior of the grain as will be shown later. Note that,
it was not possible, here, to orient the band edge-on while aligning
the crystal in zone axis condition. The band of Fig. 2a is thus in-
clined with respect to the average plane of the foil which makes its
characterization difficult. Fast Fourier Transforms (FFTs) have been
performed on both sides of the band but also on the overlapping
region (Fig. 2c). These FFTs show misorientations in the plane of
the foil (~1-2°), but also out of the plane (visible from the dif-
ferences in the intensity of the spots). If we add the shift of ca.
2 nm at the origin of the band (Fig. 2b), a complex displacement
field shows up associated with this shear band. The three loading
modes I, II and III, usually considered for cracks are involved (see
the schematics of Fig. 2). Fig. 2d is a HAADF-STEM image of the
same region as in Fig. 2a. It shows a darker contrast at the band
due to the presence of the low-density amorphous phase resulting
in absence of electron channeling. Furthermore, contrast variations
observed within the inclined band (Fig. 2e) suggest that the dis-
placement field is not constant along the band leading to different
degrees of amorphization.

The ABF-STEM image of Fig. 3a shows the same band as in
Fig. 2, but in a region far from the nucleation site. At this location,
the band is aligned almost parallel to the electron beam, allow-
ing for direct detection of some amorphous material at the band
(FFT-1 of Fig. 3a). Interestingly, we note a splitting of the 111 spot

4

Amorphous SB

Fig. 3. Observation of rotational nanodomains along the amorphization shear bands
of Fig. 2. (a) High resolution ABF-STEM image not far from the tip of the band
viewed nearly edge-on. The FFT from square-1 in (a) shows the amorphous char-
acter of the band while the FFT from square-2 shows the splitting of the 111 spot.
(b) Superposition of the ABF-STEM image in (a) with a virtual dark field map with
the extra spot. It shows the position of the rotational nanodomain associated to
this spot along the band. (c) Zoom from the white square in (b) showing that the
nanodomain is located at the interface between the crystal and the amorphization
shear band. (d) The same procedure was used in a neighboring area of the same
shear band. It shows the presence of 3 rotational nanodomains linked to three dif-
ferent spots in the FFTs of (d).
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Fig. 4. Characterization of the propagation mechanisms of the shear band of Fig. 2. (a) High resolution ABF-STEM image at the tip of the shear band. (b) The GPA amplitude
map corresponding to the (111) plane in (a) showing the tip of the band and some dislocations ahead of the tip. Note that the tip follows two different paths. (c) GPA strain
map & of (a), X corresponds to the [112] direction and Y corresponds to the [130] direction. It shows the presence of three dislocations at the tip of the SB (D1-D2-D3)
and three other dislocations (D4-D5-D6) ahead of the tip. (d) Superposition of the ABF-STEM image in (a) with the GPA map of (c) and a virtual dark field map with an
extra 111 spot in the FFT of (e). This FFT belongs to the white square in (a). (d) Confirms the presence of a rotational nanodomain ahead of the tip of the shear band along
Path-2. (f) GPA rotation map from (a). It shows that the six dislocations (D1-D6) are located at the interface between two regions with rigid in-plane rotation. (g) Schematic
illustration showing the mechanisms controlling the propagation of the shear band based on the observations shown in (a-f), see the discussion section for more details. The

red triangle represents a disclination possibly at the origin of the nanodomains.

(FFT-2 of Fig. 3a) which originates from a small domain (<5 nm)
affected by a rotation of this lattice plane; see the overlap of the
ABF-STEM image with a virtual dark field image using the spot
of the domain affected by this rotation in Fig. 3b. Fig. 3c reveals
that this nanodomain is located at the crystal/amorphous interface.
Fig. 3d shows the superposition of an ABF-STEM image (acquired
in a region very close to the one of Fig. 3a), in green, with three
virtual dark field images, in blue, using FFT spots corresponding
to three different nanodomains (C1, C2 and C3). It confirms that
these nanodomains are frequently associated with the shear band,
and were almost systematically observed in all pictures along the
shear band. Note that C1 and C2 are linked to the splitting of the
111 spot similar to Fig. 3b but with rotations in opposite directions
while the origin of C3 cannot be elucidated in this crystal orienta-
tion. No similar nanodomains were observed away from the shear
bands.

The displacement field ahead of the tip of the band (BF-STEM
image of Fig. 4a) has been characterized in detail. In order to facil-
itate the observation of this tip, the amplitude map corresponding

to the (111) plane in the image of Fig. 4a is shown in Fig. 4b. In
this map where dark contrast corresponds to regions with less fre-
quency (blurring or absence of the (111) planes) due to the amor-
phous band, it can be observed that the tip of the band exhibits
a zig-zag morphology with the presence of three dark spots (D4,
D5 and D6) ahead of the tip. These spots can be identified as dis-
locations in the GPA strain map &xx of Fig. 4c (where “X” corre-
sponds to the [112] direction). In this map and the rotation map
of Fig. 4f, a few other dislocations (D1, D2 and D3) can also be
identified near the SB tip. Both the amplitude map of Fig. 4b and
the GPA strain map &xx of Fig. 4c confirm that these dislocations
dictate the propagation path of the band as will be discussed in
the next section.

All the dislocations (D1-D6) were characterized as [001] dislo-
cations since they do not exhibit strain field contrast in the GPA
strain map &yy (“Y” corresponds to the [130] direction), see Fig. 5.
Furthermore, in the GPA rotation map of Fig. 4f, it can be seen that
the D1-D6 dislocations are located at the interface between two
regions with rigid in-plane rotation. This indicates that these dis-
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Fig. 5. Characterization of the Burgers vector of the dislocations at the tip of the shear band. (a, b, ¢ and d) GPA strain maps &x, &yy, &x and rotation map, respectively from
image (a) in Fig. 4, X corresponds to the [112] direction and Y corresponds to the [130] direction. Note the absence of the strain of dislocations D1-D6 and X1 in the GPA

strain map &y, indicating that these dislocations are [001] dislocations.

locations have been nucleated in order to accommodate the large
strain gradients ahead of the tip and could thus be considered as
geometrically necessary dislocations (GNDs). Here again, we note
ahead of the tip a splitting of the 111 spot (see the FFT of Fig. 4e
obtained from the white square in Fig. 4a). In Fig. 4d, this split-
ting corresponds to a small domain (~5 nm) involving slight lattice
plane rotations (~11°), similar to the nanodomains shown in Fig. 3.
However, it can be seen in Fig. 4d that this domain is not linked to
the dislocations ahead of the tip. In the next section, attempts are
made to explain such phenomena.

4. Discussion

The observations presented in the previous section shed new
light on the mechanisms responsible for the localized stress-
induced amorphization of olivine, in particular on the role of crys-
tal defects, which is at the core of intense debates in the litera-
ture. Grain boundaries should be considered separately and will
not be discussed in this paper. Microstructural investigations of
the samples of Gasc et al. [34] and Bollinger et al. [33] as de-
scribed in [30] show that grain boundaries concentrate most of the
amorphization. Here, the interest is on unravelling the mechanisms
at the origin of the intragranular amorphous lamellae. Some evi-
dence of shear lamellae resulting from stress-induced amorphiza-
tion were recently reported in olivine in single crystals micropillars
compressed at low temperature [32] or in shock recovered sam-
ples [9] but no information was provided regarding the deforma-
tion mechanism. The detailed observation in our specimen of the
tip of a lamella interrupted inside the core of a grain provide novel
information to elucidate the local amorphization mechanism.

Fig. 4g shows a schematic illustration of the defects character-
ized ahead of the tip of the amorphization shear band. The high
stresses and strain gradients lead to the nucleation of [001] GNDs
(Fig. 4f). These dislocations apparently nucleate ex nihilo since their
emission from the SB tip can be excluded. Indeed, their Burgers
vector point perpendicular to the line connecting the tip and the
GNDs (Path-1 in Figs. 4b and 4c). The high stress conditions lead
to amorphization by the creation and extension of disorder from
the SB tip down to the dislocation nucleated ahead from the tip
(Path-1 from D1 to D2). However, because the next dislocation D3
is not located along Path-1, the band tip deviates to Path-2 and re-
deviates to Path-1 when it approaches dislocation D3. In this case,
a [001] dislocation can be observed when the tip changes its path
between D2 and D3 (dislocation X1 in Figs. 4c, 4f and 4g). This
dislocation forms a dipole with dislocations D2 and D3. Disloca-
tions similar to X1 are not observed close to the other GNDs D4,
D5 and D6 far from the tip, indicating that this dislocation is as-
sociated with the change of the band path close to D3. Deviation
from Path-1 to Path-2 also occurred at D3. In this case, dislocation
D4 is quite far and the GPA strain map exx of Fig. 4c shows that
the maximum tensile strain direction at D3 is parallel to Path-2.
It is also worth noting that the 111 nanodomain is located along
Path-2 from D3 quite far from the tip (Fig. 4d). Again, once the tip
approaches a new [001] GND dislocation (D4), it starts deviating
from Path-2 to Path-1. Indeed, a black arrow indicates a slight in-
crease of the tensile strain direction towards D4 in the GPA map
of Figs. 4c. This is probably the ‘interrupted’ nucleation site of new
dipoles similar to those involving D2, D3 and X1 (position X2 in
Figs. 4c and 4g).

These observations show that the band propagates by two
mechanisms:
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Fig. 6. Characterization of the nature of the rotational defect at the tip of the band in Fig. 4d. (a) and (b) GPA shear strain &y, and rotation maps from Fig. 4a, respectively
(‘X' corresponds to 021 while ‘Y’ corresponds to the two to 111 splitting spots). The white dashed circles in Figs. 6a and 6b indicate the position of the nanodomain shown
in Fig. 4d. (c) zoom from the white circle in (b) showing rotational fringes at the position of the nanodomain. (d) Line profile from the rectangle inside the white circle in
(c). It shows that the fringes are associated to gradients with apposite sign. (e) Inverse FFT map obtained with the two 111 splitting spots.

i) the formation of [001] GNDs in order to accommodate the large
strain gradients in the region near the tip of the band. This
is followed by the creation and extension of disorder between
these dislocations along a specific direction parallel to the extra
half plane of the GNDs (Path-1). The SB propagates towards the
dislocations in order to minimize the elastic energy by amor-
phization.

ii) when the neighboring GND is far from the tip, the band tip can
deviate into a second path (Path-2) which is probably imposed
by the macroscopic stress. This is accompanied by the forma-
tion of a new defect involving local rotation of the lattice but
far from the tip similar to what occurs during ductile fracture.

The nature of this new defect is intriguing since it induces a
local rotation of specific planes while the other planes are not af-
fected (see FFTs in Figs. 3 and 4). The local rotational field being af-
fected, we will explore the possibility that this indicates the pres-
ence of a disclination. Figs. 6a and 6b show the GPA shear strain
&yy and rotation maps, respectively (here ‘X’ corresponds to the
[021] direction while ‘Y’ corresponds to [111] direction). Note that
the mask used to select ‘Y’ also includes the second spot of the
rotated 111 plane. The white dashed circles in Figs. 6a and 6b in-
dicate the position of the nanodomain shown in Fig. 4d. In these
two figures, fringes related to this nanodomain can be observed in
the shear and rotation maps. These fringes correspond to rapidly
oscillating field. Such fringes can also be observed in the inverse
FFT map obtained with the two 111 splitting spots (Fig. 6e), here
indicating a strong phase shift in the geometrical phase. Interest-
ingly, the line profile from the rotation map in this area (Figs. 6¢
and 6f) shows that the fringes are associated with gradients of op-
posite signs. A local, anisotropic, rotation field is an indication (in
the absence of an alternative hypothesis) of a disclination type de-
fect.

The observation of the nucleation of defects (dislocations and
possibly disclinations) ex nihilo ahead of the tip of the band shows
that locally the stresses can be so strong that the perfect crys-
tal becomes structurally unstable leading to the local formation
of discontinuities of the displacement or rotation fields. The non-
uniform stress field ahead of the tip of the band leads to the nucle-
ation of defects, then the deformation fields of these defects direct
the propagation of the band. This mechanism reflects conditions
where the stress cannot be locally relaxed by classical plasticity
mechanisms. This can be explained by the fact that the local stress
field does not find the slip systems needed in this low symmetry
mineral. It can also be for kinetic reasons if the local strain-rate is
too high for these mechanisms to be activated.

We find that, in olivine, defect formation accompanies amor-
phization, but that, contrary to what several recent studies suggest,
especially in covalent or high lattice friction materials, amorphiza-
tion cannot be considered as a consequence of defect accumula-
tion.

We observe ahead of the propagating amorphous shear lamella
evidences of very high stresses reaching the theoretical elastic limit
causing the nucleation of defects and lattice instability. The DFT
calculations of Gouriet et al. [41] on the ultimate mechanical prop-
erties of forsterite shed light on the mechanical loss of stabil-
ity of the olivine structure at the atomic scale. It can be seen
that SiO,4 tetrahedra are not affected because of their ionocovalent
bonds. The resistance of the structure depends mostly on the Mg-
0 bonds. In olivine there exists two magnesium sites named “Mg!”
and “Mg?” (see [41]). The calculations show that the mechanical
stability of the olivine structure depends ultimately on the resis-
tance of Mg2-O bonds. We can therefore see that amorphization
exploits all the weak areas of the structure and this at any scale.
These are the bonds at the scale of the unit cell with concentra-
tion of the strain on certain Mg-O bonds, or the crystal defects at



H. Idrissi, A. Béché, N. Gauquelin et al.

a higher scale. This is the case of grain boundaries as described
by Samae et al. [30], and, inside the grains, along some particular
lattice planes such as (010) which give rise to a preferential local-
ized amorphization (Fig. 1d). Indeed, Gouriet et al. [41] calculations
have shown that the lowest ideal shear stress corresponds to the
(010) plane when it is sheared along [001]. The lowest ideal tensile
stress also corresponds to a crystal pulled perpendicular to (010).
These calculations explain the preferential alignment of some in-
tragranular amorphous lamellae along the (010) plane, as seen in
Fig. 1d.

5. Conclusion

Our characterization of an interrupted amorphization shear
lamella in an olivine grain provide information on the stress-
induced amorphization mechanism. The mechanical origin of the
amorphization is indicated by the complex (and heterogeneous)
shape of the displacement field which involves loading compo-
nents in modes I, Il and Ill. We show that amorphization is in-
deed accompanied by the formation of crystal defects, but in quan-
tities and configuration that are not sufficient to be the cause of
the mechanical instability. We rather interpret the formation of
these defects (which are GNDs and possibly disclinations) as the
evidence of very high stresses that drive the mechanical instabil-
ity of the crystal structure. The formation of these defects under-
lines the complex pattern of the stress field which leads to amor-
phization. They strongly control the path followed by the propagat-
ing lamella. In some particular cases, the propagation of the amor-
phous lamella is very crystallographically controlled with a prefer-
ence for the (010) plane which is indicative of the lower ultimate
mechanical strength of these planes.
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