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Abstract: We carried out an electron microscopy study on a polycrystalline olivine sample that was
deformed with multiple deformation cycles under controlled differential stresses and strain rates
at high pressures and high temperatures. Low-angle backscattered electron images thereof showed
randomly oriented grains. Most of the grains were about 10-20 pm wide. The grains were irregular
with wavy grain boundaries, indicating high grain boundary mobility during deformation. Transmis-
sion electron microscopy (TEM) images showed complex dislocation microstructure characteristics of
high temperature, high pressure, and high strain. Free dislocations were predominantly either short
and straight screw dislocations or curved dislocations with mixed screw and edge characters. Many
of them split into partial dislocations. The differential stress estimated with the free dislocations was
~780 MPa, which was close to the value of differential stress attained in the final deformation cycle.
We also observed dense dislocation tangles, which formed dislocation cell substructures under high
strain. The existence of dislocation loops and jogs indicated significant climbing activity, providing
evidence for high-temperature creep as the dominant deformation mechanism. All of the dislocations
observed in this study were exclusively with a [001] Burgers vector. Dislocations with a [100] Burgers
vector were absent, suggesting that the activity of the a-slip (i.e., (010)[100] and (001)[100] slip systems)
was completely suppressed. These observations support a conclusion that was reported based on an
X-ray texture analysis, which considered that a high pressure promotes the activities of the c-slip (i.e.,
(010)[001] and (100)[001] slip systems). It appears that the transition from the a-slip to the c-slip was
complete with multiple deformation cycles at a relatively lower pressure of 5.1 GPa than previously
thought, corresponding to a depth of 165 km in the mantle.

Keywords: deformation; polycrystalline olivine; electron microscopy study; dislocation

1. Introduction

Knowledge of the rheological properties of mantle materials is critical for the under-
standing of the dynamic processes in the Earth’s interior. Olivine, (Mg,Fe),SiO4, which
is generally regarded as the most abundant mineral in the upper mantle, is expected to
dominate the rheology and seismic anisotropy of this portion of the Earth. The constitutive
flow laws of olivine under mantle conditions are especially important for constraining the
strength and other mechanical properties of the upper mantle [1].

The dislocation microstructures in natural olivine have been examined extensively to
understand the deformation processes that are operative in the upper mantle [2-5]. How-
ever, because of the complex deformation processes of the evolving mantle, dislocation mi-
crostructures produced in early tectonic history may have been subjected to various degrees
of post-tectonic modifications [6]. Many natural olivine samples in peridotites, for example,
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were found to possess superimposed microstructures due to complex deformation events
in geological history [5,7-10], making the interpretation of the microstructures difficult.

Laboratory studies on the high-temperature creep behavior of olivine are fundamental
for understanding and realistically modeling various tectonic processes [1]. Dislocation
microstructures produced in laboratory deformation experiments have been used for
comparisons with those produced in nature in order to help determine whether the same
rate-controlling creep mechanisms also operate in natural environments [6]. Recently,
a growing number of controlled deformation studies have been carried out on olivine
using an apparatus known as the deformation DIA (D-DIA) [11-16]. There were some
studies with the D-DIA that showed the transition from (010)[100] and (001)[100] slip
systems (hereafter referred to as a-slip) at low pressures to (010)[001] and (100)[001] slip
systems (hereafter referred to as c-slip) at high pressures [17-22]. A series of deformation
experiments were conducted under mantle conditions (2.8-7.8 GPa, 1153-1670 K), and it
was shown that the activity of a-slip began to decrease as early as 4 GPa, with a transition
to c-slip occurring gradually over the entire investigated pressure range [23].

Transmission electron microscopy (TEM) is a powerful technique for directly observing
and studying dislocation microstructures and slip systems that have been activated by
an applied stress [24-26]. In recent years, the focused ion beam (FIB) technique has
made it possible to prepare thin foils for TEM from precious (and often small) high-
pressure and high-temperature (HP-HT) samples. This technique can damage the precious
samples in a minimal area and preserve them in a maximal range relative to the former
methods of TEM sample preparation. In this paper, we report the results of TEM on
a nominally dry polycrystalline olivine sample that was deformed in an experimental
study [23]. The deformation microstructures of the recovered specimen were characterized
through scanning electron microscopy (SEM) and TEM. These new, direct microstructure
data allow us to evaluate the proposed deformation mechanisms based on an X-ray texture
analysis [23].

2. Sample Description and Experimental Details

A series of deformation experiments using the deformation DIA (D-DIA) were con-
ducted at high pressures and high temperatures with final axial strains on hot-pressed
samples from powders of San Carlos olivine [23]. All samples were shortened and length-
ened in multiple deformation cycles. At the end of each cycle, the sample’s axial strain
was carefully adjusted to be in a lengthened state in order to shorten (elongate) the sam-
ple along the vertical axis. This allowed a clear definition of the zero-differential-stress
state for the following stress—strain curve. In this study, a recovered samples (D0966) was
examined, and it underwent three deformation cycles (Table 1). This sample underwent
the maximum changes in pressure (from 2.81 to 5.09 GPa) and a higher temperature (from
1458 to 1671 K) [23]. Therefore, it was the best choice to study the deformation of olivine
under mantle conditions by using the D-DIA samples of Hilairet et al.. The microstruc-
tures were examined through SEM with a Hitachi S-4700-II SEM after coating with gold
at an accelerating voltage of 10 kV at Nanoscale Materials, Argonne National Laboratory
(CNM/ANL), lllinois, USA. The SEM images were taken using low-angle backscattered
electrons. The sample was polished and prepared for a TEM study (Figure 1) with an
FIB at the Electron Microscope Laboratory of the School of Physics, Peking University,
Beijing, China. A thin foil (about 5 by 12 microns in area and <150 nanometers in thickness)
was placed on a carbon-coated copper grid and loaded into a sample holder. The TEM
experiments were carried out using a Philips-CM12 microscope operated at 120 kV at the
State Key Laboratory of Geological Processes and Mining Resources, China University of
Geosciences (Wuhan), Wuhan, China, and an FEI Tecnai F20 microscope operated at 200 kV
at CNM/ANL.



Crystals 2022, 12, 1396 3of 14
Table 1. Experimental conditions of the studied sample [23].
Deformation Strain Rate Maximum
Segment P(GPa) T (10-5s71) Stress (MPa) Strain (%)
Seg 1 2.81 1576/1458 1.35 543 —12
Seg 2 2.96 1643 /1604 1.22 445 -11
Seg 3 5.09 1671/1626 0.98 897 —12

Figure 1. The studied TEM foil cut with an FIB in the polycrystalline olivine sample deformed by the
D-DIA (D0966). (a) An SEM image showing the foil from an edge-on point of view (middle of the
image). (b) A TEM image of the foil showing mottled contrast, indicating abundant dislocations in it.

3. Results
3.1. Morphology of the Recrystallized Olivine Grains

The reported sample underwent significant grain growth above 1600 K, from about
5 um (the starting particle size of the powder) to about 10-20 um (the particle size of
D0966, Figure 2a) [23]. The variation in grain size appeared to be reproducible under X-ray
diffraction when the critical temperature (1600 K) was crossed (regardless of the crossing
direction). It was observed that the patterns collected below 1600 K all showed smooth and
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continuous diffraction rings, indicating much smaller grain sizes and a more or less random
grain orientation. However, the diffraction patterns collected above 1600 K were spotty,
and the diffraction spots changed locations in the detected area on a time scale of minutes,
suggesting dynamic grain growth. It is important to note that the sample studied here
underwent deformation cycles at progressively higher temperatures (Table 1); as discussed,
the process was terminated after significant recrystallization [23].

Figure 2. Low-angle backscattered electron images showing the orientation contrast, grain sizes,
and shapes of recrystallized olivine grains. (a) All grains are irregular with wavy grain boundaries.
Microfractures and microcracking exist in the deformed olivine. (b) Very small particles (about
500 nm; the gray particle in the lower middle) existed in the sample.

The low-angle backscattered electron images obtained from SEM could show the orien-
tation contrast. The different gray contrasts shown in Figure 2 indicate that the orientation
of the olivine grains was random. Most of the grains were uniform at about 10-20 pm wide,
as shown in Figure 2a. Occasionally, there were some very small grains inside the bigger
grains, which were smaller than 1 pm and showed different orientations relative to the
surrounding grains, as shown in Figure 2b. The very small particles observed on the surface
in Figure 2b were gold particles that were introduced by coating. Most of the olive grains
were irregular in shape with wavy grain boundaries. Microfractures or microcracks were
observed at some grain boundaries, indicating brittle deformation that was most likely
produced upon the release of pressure/stress at the end of the experiment. The shapes of
the boundaries indicated the strong influence of grain growth during deformation, lending
support for dynamic recrystallization. “Dynamic recrystallization” here is not to be taken
as meaning recrystallization due to grain size reduction during deformation, but rather as
a result of enhanced dynamic growth and grain boundary migration during deformation.
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3.2. Dislocation Microstructure and Slip System

In the deformed sample, the polycrystalline olivine grains were considered to undergo
consistent differential stress and strain rates in the deformation cycle, though it was difficult
for the sample to undergo the same differential stress throughout. Our TEM sample
prepared with the FIB was used try to contain the maximum number of grains in one foil in
order to represent the intra- and intergranular deformation in the deformed D-DIA sample.
In this study, the TEM foil contained three olivine grain fragments.

Figure 3a—f show dislocations in the middle grain of the foil. Short, straight dislocations
were dominant. Because the D0966 sample underwent multiple deformation cycles, the
“field” of its TEM image was not purely bright or dark in the bright-field (BF) or dark-field
(DF) image (e.g., Figure 3a,b). The “dashed-line” appearance of the short screws was also
consistent with the line segments of the inclined dislocation relative to the foil, as shown in
Figure 3a. All of the dislocations in this area were simultaneously out of contrast under
two-beam conditions with g = 0-20 (shown in Figure 3b) and g = 1-10, indicating that [001]
was the unique Burgers vector. Here, g represents the two-beam condition in which the DF
TEM images were taken. The short, straight dislocation lines were perpendicular to g1-10,
g010, g100, and g120, indicating that the linear direction of these dislocations was [001].
Therefore, these were screw dislocations, and the slip system was consistent with (hk0)[001]
according to the TEM analyses. We could not uniquely determine the slip plane. According
to the crystallographic structure of olivine, the most possible and energetically favored slip
planes are (010) and (100) [27]. Based on the texture and elasto-plastic self-consistent (EPSC)
analyses [23], the dominant slip system in this sample was (010)[001] (i.e., c-slip). Therefore,
we assumed that the slip planes were (010) for these [001] screw dislocations, while noting
that evidence of [001] dislocations gliding on the (010) plane was also found [17].

Figure 3. Cont.
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Figure 3. (a) Dark-field (DF) image with g101 (long white arrow indicated) taken in g/5g conditions.
Short, straight [001] screw dislocations were dominant in the area. Movement of the dislocation
dipoles introduced an intermediate jog, indicated by the short black arrow. Small loops are indicated
by the short gray arrows. The curved mixed dislocation was split into partial dislocations, indicated
by the short white arrow. (b) DF images with g0-20 and g1-10 obtained from the same area of (a).
All dislocations were simultaneously out of contrast and were imaged in g/2g and g conditions,
respectively. (c) DF image with g22-2 obtained from the same area of (a), taken in g/2g conditions.
An intermediate jog pinned the dipole trail in this image (indicated by the black arrow). (d) DF image
with g101 (indicated by the long white arrow) taken in g/5g conditions, showing curved mixed
dislocations. (e) Bright-field (BF) image with [113] incidence showing small loops (such as those
indicated by the short black arrows) and dissociated screw dislocations (such as those indicated by
the short white arrows). The dissociation width varied from 10 to 15 nm. (f) DF image with gy
taken in g/2g conditions. The dislocations’ walls were composed of arrays of screw dislocations.
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A pair of long and curved dislocations are presented in Figure 3a. The direction
of the straight dislocation segment (indicated by the broken black arrow) was [10-1]
(u=g111 X g101); thus, the segment had mixed screw and edge characters. The solid black
arrow in Figure 3a indicates an intermediate jog at the end of the dipole trail. The jog is
almost out of contrast in this figure. A jog is a short edge element of a dislocation that links
two slip planes, like a step. Jogs have the same Burgers vector as the dislocation line on
which they lie [28]. The dipole trail of the pair of the dislocations was pinned by the jog,
which could be observed in the dark-field image with gy, taken with two weak beams
(Figure 3c black arrow), resulting in a sessile configuration in which the two dislocations
could not glide freely. The curved portions indicate increased mobility due to climbing
activity at high temperatures [28]. Many curved free dislocations with mixed screw and
edge characters can be observed in Figure 3d,e. Some small loops also existed in this grain.
Figure 3a shows a small prismatic loop formed by the movement of the dislocation dipole
(indicated by white arrow), and Figure 3e shows some dislocation loops that formed from
the vacancy (indicated by black arrows). Dislocation walls of twist boundaries composed
of arrays of [001] screw dislocations are shown in Figure 3f.

Figure 4a,b show the dislocation structure of another grain. The dislocations were
simultaneously out of contrast with g9 and ggpo, indicating again that [001] was the unique
Burgers vector. Figure 4a is a bright-field image with [001] incidence. A line of end-on
screw dislocations can be observed in Figure 4a (such as those indicated by the white
arrows). This dislocation wall was perpendicular to gjq9, indicating that its slip system
was (100)[001]. The screw dislocation wall was likely an original sub-grain boundary in
San Carlos olivine because the sub-grains that are elongated parallel to (100) are frequently
reported to exist in natural olivine samples [5,8]. Figure 4b is a bright-field image that
shows this dislocation wall in another incident direction [20-1]. In this figure, all of the
dislocation lines in the array were folded, indicating the formation of dislocation kinks.
Figure 5 is a schematic representation of the formation mechanism of a kink. A kink is
also a short element of dislocation with the same Burgers vector as the line on which
it lies. However, unlike jogs, a kink is a step in the same slip plane [28]. Commonly,
kinks represent a deformation mode found in crystals with few slip planes. When the
compression axis is nearly parallel to the slip plane, the slip plane will bend and form sharp
kink band boundaries [27]. Figure 4b shows a kink band (marked by the white arrow) in
an array of screw dislocations (marked by the black arrows). These kinks are within the
same slip plane (100) as the screw dislocations, and, when viewed edge-on, they appear as
very short lines in Figure 4a (white arrows).

Another interesting phenomenon is that many dislocation lines are split into partial
dislocations. There were two kinds of partial dislocations observed in this study. One kind
was straight [001] screw dislocations that were split into partial dislocations with stacking
faults, as shown in Figure 3e by the white arrows. The separations between the partials
ranged from 10 to 15 nm. The other kind was dissociated curved mixed dislocations,
as shown in Figure 3a (e.g., that indicated by the broken arrow), Figure 3d (e.g., those
indicated by the black arrows), and Figure 4a (e.g., the black arrow). The separations of the
curved partial dislocations varied from 10 to 25 nm.

Figure 6a—c are BF images that were observed with [-2-12] incidence. Figure 6a shows
a small olivine grain with approximately 2 pm of its length within a larger grain. There
was a micro-crack between the two grains (indicated by the white arrow). The dislocation
density was very high in this small grain, and the distribution of dislocations was much
more heterogeneous. Figure 6b,6c show enlarged areas of the small olivine grain shown
in Figure 6a. As shown in Figure 6b, free dislocations were rare in the smaller grain,
while tangles of dislocations were dominant. Figure 6¢ shows a nearly rectangular cell
substructure. Dense tangles of dislocations were observed, and they were arranged around
cells. Free dislocations were much less frequent in the cells.
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Figure 4. (a) BF image with [001] incidence. A line of end-on screw dislocations is shown (such as that
indicated by the white arrow). This sub-grain boundary is parallel to (100). Some curved dissociated
dislocations are shown (such as that indicated by the black arrow). The dissociation width varies
from 10 to 25 nm. (b) BF image with [20-1] incidence. The sub-grain boundary in (a) exhibits a kink
band (indicated by the white arrow) on the screw dislocation wall (black arrows).

Figure 5. Diagrammatic representation of a kink on a screw dislocation. A kink is a short element of
dislocation with the same Burgers vector as the slip plane. It is a deformation mode that is commonly
found in crystals with only a slip plane when no extensive glide on the system is geometrically
possible and when bending moments are present.
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Figure 6. BF images with [-2-12] incidence. (a) A small olivine grain with approximately 2 um inside
a larger grain. The white arrow indicates a micro-crack between the two. (b) Tangles of dislocations
in this grain. (c) A dislocation cell substructure surrounded by tangles of dislocations.

The differential stresses generated in a large-volume, high-pressure apparatus can
be estimated from the density of free dislocations [29]. Differential stress (c1 — ¢3) is a
function of the density of dislocations for olivine single crystal [29]:

(01 — 03) = apbp!’?, @

where « is an empirical constant (assumed to be 3 here), y is the shear modulus of San
Carlos olivine, and b is the magnitude of the Burgers vector of mobile dislocations. In
Equation (1), ¢ is calculated to be 68 GPa under the P-T condition of the third deformation
cycle by using the ambient shear modulus pg (77 GPa), (ap/ap)r (1.6), and (ap/aT),
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(—0.013 GPa/K) [30,31]. Figure 3 shows the same area observed along different incident
directions. So, all of the free dislocations in this area could be observed. There were
about 34 free dislocations in the area (1.1 x 10~8 cm?). Thus, the mean density of the free
dislocations was measured to be about 3.1 x 10° cm 2, which corresponded to a differential
stress of ~780 MPa according to (1). The stresses of the three cycles in the D0966 sample
were 543, 445, and 897 MPa, respectively (Table 1) [23]. Considering uncertainties in the
measurement of dislocation density (estimated to be 20-30%) and the semi-quantitative
nature of Equation (1), this value is in broad agreement with the stress levels determined
with X-rays in the third cycle [1].

4. Discussion and Conclusion
4.1. Evidence of High-Temperature Dislocation Creep

In materials deformed at high temperatures (above roughly 50% of the melting point),
dislocation climbing is an important deformation mechanism. Jogs on screw dislocations
provide the position for climbing to non-planar dislocation lines because climbing only
exists in edge segments [27,28]. As shown in Figure 3a, the existence of an intermediate jog
indicates climbing activities in high-temperature dislocation creep. Both vacancy loops and
prismatic loops are also indications of high-temperature deformation. Vacancy loops are
formed only at sufficiently high temperatures because of the restricted rates of elemental
diffusion. Prismatic loops are formed from dislocation dipoles through dislocation climbing.
Vacancy loops form only at sufficiently high temperatures because of the restricted rate
of diffusion. If the temperature is sufficiently high to allow diffusion of the defects, they
can collect together to form a dislocation loop [28]. Figure 3e shows some very small and
individual loops, which are dislocation loops formed from a vacancy. The existence of these
loops suggests the effects of high-temperature diffusion creep on the plastic deformation
processes above ~1600 K.

Another dislocation microstructure that is characteristic of high-temperature flow is
the existence of polygonized sub-grains: Dislocations rearrange themselves by climbing
and, thus, producing walls with low angles among the different sub-grains [27]. Figure 3f
shows that arrays of [001] screw dislocations produced twist boundaries and formed a
sub-grain. In addition, because grain growth tends to wipe out dislocations as the crystal
lattice re-organizes during grain growth, few free dislocations were present inside the
sub-grain. These phenomena indicated that dynamic recrystallization and grain boundary
migration mediated by diffusion were active in assisting the deformation process in our
deformation experiments.

4.2. Activation of [001] Dislocations

The different activities of [100] and [001] dislocations were observed in natural olivine
for the first time. The dislocation microstructures of olivine from lherzolites, spinel, or
garnet peridotite xenoliths in varying geological environments have been studied through
TEM. It was found that [001] screw dislocations were generated by high strain rates over a
wide temperature range. Generally, [001] screws dominate in highly deformed olivines,
while [100] dislocations are typically observed in weakly deformed olivines [2,3,5]. Thus,
in earlier studies, the activities of [100] and [001] dislocations were considered to represent
different deformation conditions [2,7,32].

In laboratory studies at P < 3 GPa, with high temperatures moderate differential
stresses, and under dry conditions, it was found that the a-slip dominated the deformation
microstructure [6,33]. Recent deformation experiments suggested that the c-slip is dominant
at higher pressures. Although the transition from the a-slip to the c-slip was previously
attributed to the presence of water in the deformation of olivine [34,35], it was pointed out
that pressure alone can induce this transition in slip systems, and it was suggested that
[001] glide would dominate at the lower most upper mantle according to the experimental
conditions at 11 GPa [17]. This transition has been used to explain the variation of the
anisotropy patterns of P and S waves with depth [1,36]. It was considered that the dominant
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activity of (hk0)[001] in olivine at high pressures indicates a weak anisotropy in the upper
mantle below 300 km [1]. Pressure was considered to be the dominant reason for the
transition from the a-slip to the c-slip as a result of a series of deformation experiments on a
single olivine crystal [19-21,37]. The dual activity of [100](001) and [001](100) slips becomes
comparable to that of the [100](010) slip at depths greater than ~65 km along a 20-Ma
oceanic geotherm or ~155 km along a continental geotherm, and the (010)[001] slip becomes
dominant over all other investigated slip systems at depths greater than ~240 km [37]. It
was found that the contributions of the a-slip ((010)[100]) gradually decrease, while those
of the c-slip ((010)[001]) increase; the transition in the slip system is not a sharp one, but is
spread out over a considerable pressure range from about 3-4 GPa and up to 8 GPa [23].
Therefore, the evolution in the slip system was considered to affect the interpretation of
seismic anisotropy data at depths between 120 and 300 km [23].

In our TEM study, the dislocations that we observed were exclusively with the [001]
Burgers vector. Dislocations with [100] Burgers vector were, interestingly, absent. Thus,
it appears that although the sample underwent deformation at low pressures in the early
deformation cycles, the last high-pressure deformation cycle effectively shut down the
activation of [100] dislocations. This study indicates that the activity of the a-slip was
completely suppressed in the third deformation cycle (5.09 GPa and 1676 K), which is
equivalent to a depth of 165 km in the upper mantle. This agrees well with the monochro-
matic synchrotron radiation analysis [23]. It suggests that the transition from the a-slip to
c-slip can be completed at a relatively low pressure or a lower depth in the upper mantle
than previously estimated [19-21,37]. However, the deformed sample underwent multiple
deformation cycles, so the formed slip system may not only have relationship with pressure.
Since both the stress levels and the strain rates in the experiments were vastly different from
those in geodynamic processes, the application of this observation to the Earth’s mantle
should be treated with caution.

4.3. Dissociated Dislocations in Deformed Olivine

We observed some evidence for dislocation splitting. Unfortunately, due to the small
separation of the partial dislocations (about 10-25 nm), we were unable to fully characterize
the dissociated dislocations. The partial separation of [001] dislocations with a distance of
about 4 nm was first observed in single olivine crystals that were experimentally deformed
at a temperature of 1723 K and a differential stress of 300 bars [38]. The dissociation
of [001] dislocations has also been reported in natural olivines. Stacking faults were
observed in the (100) plane [5]. The Burgers vector by, of the partial dislocations that
bounded the stacking faults was parallel to [001], and the widths of the faults were about
100 nm. The splitting reaction of the [001] unit dislocations was involved with climbing
dissociation on the (001) and {021} planes [39]. The partial dislocations were characterized
by Burgers vectors that were approximately equal to 1/x<011>, and the separation between
partials was reported to be as large as 230 nm under hydrous conditions. Calculations
of dislocation cores and Peierls stresses were presented based on the Peierls-Nabarro
model [40]. The model predicted dissociation in gliding [001] dislocations. It was found
that [001] dislocations have comparable tendencies to spread into the three planes that
contain the screw direction—(100), (110), and (110)—while [001] dislocations do not [40].
Grain boundary structures were considered to consist of arrays of partial edge dislocations
with a Burgers vector of 1/2[001] that was associated with stacking faults through molecular
dynamics simulations [41]. More relevant to this study is a work that reported widely
dissociated dislocations when deformed for one hour at 11 GPa and 1673 K [17]. It was
found that one of the stacking faults was parallel to (021) [17].

The unit dislocations exclusively had a [001] Burgers vector in our polycrystalline
olivine sample. Figure 3e shows narrowly dissociated straight screw dislocations in nomi-
nally dry olivine, though the dissociation of the dislocations was suggested to be related
to the hydration of olivine [39,42]. According to Hilairet et al. (2012), the D0966 sample
showed a very broad increase in absorbance from 3025 to 3700 cm ™!, which was mainly
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interpreted as a result of water at the grain boundaries [23]. The observation of straight
screw [001] dislocations can be explained by the Peierls stress [40]. If dislocations have
a dissociated core structure that is defined by a number of partial dislocations that are
separated by planar defects, deformation processes, such as glide, are allowed when the
fault plane lies in a glide plane [39]. Glide becomes possible when a large enough stress is
applied—in conjunction with thermal agitation—to force the configuration of the core into
a glissile splitting configuration on one plane [43]. In this study, the dislocations observed
in Figure 3e were dissociated into Shockley partials, which should be connected by an
intrinsic stacking fault [44]. We assumed that the slip planes were (010) for these [001]
screw dislocations. Therefore, we consider that the stacking fault between the dissociated
straight screw dislocations lies in the (010) plane, and the Burgers vector by, of the partial
dislocation is parallel to [001].

In this study, Figure 3a,d, and Figure 5a show some dissociated curved mixed dislo-
cations. The mechanism of dissociated curved mixed dislocations cannot be the same as
that of dissociated screw dislocations. Mechanisms other than Peierls friction are required
to explain the occurrence of mixed segments, but the occurrence of lattice friction of [001]
dislocations is still possible with a non-planar core [40]. Because the geometrical structure
of curved mixed dislocations in deformed olivine is still unclear, the mechanism of their
dissociation needs further study.

5. Conclusions

High-temperature deformations, such as vacancy loops, prismatic loops, and poly-
gonized sub-grains, were observed in the studied D-DIA sample; these formed because
of high-temperature cycles. Tangles of dislocations were dominant in the very small
grain, while free dislocations were dominant in the normal-sized grains (10-20 um). The
dislocations exclusively had a [001] Burgers vector, which was promoted by the high
pressure and high strain rate has and might also have a relationship with the multiple
deformation cycles.

This study also indicated that the slip system can be studied by using an X-ray texture
analysis that is synchronized with D-DIA experiments or by using TEM on a recovered
sample. These two methods can allow one to obtain a consistent conclusion concerning
the slip system. However, TEM can provide direct and detailed observations of various
dislocations and can be used to estimate differential stresses on the recovered sample.
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