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Abstract Transmission electron microscopy (TEM) has
been used to investigate deformation microstructures of
synthetic stishovite specimens deformed at 14 GPa,
1,300°C. Geometrical characteristics of numerous dis-
locations have been characterized by dislocation con-
trast and stereographic analyses in order to identify the
easy slip systems of stishovite. TEM data allowed us to
characterize the following slip systems: (100){001}, (100)
{010}, (100){021}, [001]{100}, [001]{110}, [001]{210} and
(110){110}. Observation of sub-grain boundaries and
scalloped edge dislocations suggest that climb has been
activated in the specimens.

Keywords Stishovite - Dislocation - Plasticity -
Confining pressure - Twinning

Introduction

Plastic deformation of deep mantle phases is critical to
our understanding of mantle convection which is an
important component of the global dynamics of the
Earth. In the mantle, stishovite is the stable phase of
SiO, at pressure higher than 10 GPa, which corresponds
to depths ranging from 300 km to 1,200-1,500 km. This
mineral was first synthesized in the laboratory (Stishov
and Popova 1961) and later observed in shocked speci-
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mens from terrestrial impact structures (Shoemaker and
Chao 1961; Chao et al. 1962; Chao and Littler 1963). It
is also present in some shocked Martian meteorites
(Langenhorst and Poirier 2000; El Goresy et al. 2004;
Beck et al. 2004; Aoudjehane et al. 2005).

Stishovite is not expected to be a major constituent of
the bulk mantle, but it may be present in significant
amounts in subducted MORB’s (Ringwood 1991). Sti-
shovite is also a mineral of prime interest as a prototype
phase of deep mantle silicates as it exhibits silicon in
octahedral coordination.

Stishovite exhibits a rutile-type structure with space
group P4,/mnm (Sinclair and Ringwood 1978). Stisho-
vite has a primitive tetragonal Bravais lattice with lattice
parameters ¢ = b = 0.418 nm and ¢ = 0.26678 nm
(Ross et al. 1990). The SiO¢ octahedra form edge-shared
chains along the c-axe that are each connected to four
other parallel chains.

Several techniques have become available to deform
minerals in pressure-temperature conditions which are
relevant to the earth’s deep mantle (see a recent review in
Cordier et al. 2005). Among those, the Kawai-type,
multianvil apparatus can reach confining pressures up to
25 GPa hence covering the conditions of the transition
zone and of the uppermost lower mantle. TEM exami-
nation of stishovite synthesized in such apparatus has
allowed us to identify the stable dislocations of the sti-
shovite structure (Cordier and Sharp 1998). Specific
deformation experiments have then been conducted on
stishovite for which only preliminary TEM character-
izations have been reported so far (Cordier et al. 2004).

The aim of the present study is to present an extensive
characterization of the dislocations and slip systems
activated in stishovite deformed at 14 GPa, 1,300°C.

Experimental procedure

Stishovite specimens were synthesized from wet
(2,850 H/10° Si, see Mosenfelder 2000) silica glass in a
Kawai multianvil apparatus (run S1926) at the Baye-



risches Geoinstitut. The initial glass cores were placed in
rhenium capsules and annealed for over 10 h at 14 GPa
and 1,300°C in a nominally hydrostatic high-pressure
assembly. The pressure medium was a 14-mm octahe-
dron of Cr-doped MgO that was compressed between
eight cubic WC anvils with 8 mm truncation edge-
lengths. High temperature was achieved by using a
LaCrO; furnace surrounded by an insulating sleeve of
ZrO,. Temperature was measured using a Wgy;Res/
W,sReys thermocouple contained axially in the top
alumina piston. The recovered stishovite sample was
then placed into a compression assembly specifically
designed to apply non-hydrostatic stresses onto the
specimen. This deformation assembly differs from the
standard 14/8 assembly described above as the specimen
is placed between two hard alumina pistons (see Cordier
and Rubie 2001). Specimens were plastically deformed
at 1,300°C under a confining pressure of 14 GPa (run H
913). In these experiments, stress and strain cannot be
directly (in situ) controlled nor measured, and most of
the information are withdrawn from microstructural
characterization of recovered samples. Previous experi-
ments have shown that high stresses are generated dur-
ing cold compression that can induce some cold
deformation. These stresses are relaxed at high-temper-
ature by plastic deformation of the specimen (Thurel
and Cordier 2003; Couvy et al. 2004). Due to the small
dimensions of the pressure cell, the experiments can be
quenched very rapidly, thus offering very good preser-
vation of the deformation microstructures compared to
most conventional experiments.

Thin sections containing the deformation axis were
prepared from slices, cut from the middle of the run
product, by mechanical grinding. Final optical-quality
polishing was achieved with diamond paste abrasive.
The obtained 30-um foils were then glued with epoxy on
center-bored copper grids. Thinning of the samples was
achieved using a Gatan Mod. 600 ionic milling device at
5 kV, under a low beam angle of 15° in order to obtain
electron transparency of parts of the foils. TEM obser-
vations were performed in Lille in two-beam conditions
using a JEOL 200 CX electron microscope and a FEI
TECNAI G2 electron microscope operating at 200 kV.

The dislocation Burgers vectors b were determined
using the relation g - b=0, where g is the diffraction
vector, verified when the dislocations are out of contrast.

The line directions u of dislocation were determined
from various TEM micrographs corresponding to pro-
jected images of the microstructure along several orien-
tations. The determination of the incident electron beam
direction e; provides, for each micrograph, the index-
ation of the plane P; containing the electron beam and
the dislocation line directions. The dislocation line
direction is then identified as the intersection of at least
two planes P; obtained with different specimen orienta-
tions.

The glide plane is then defined as the plane containing
both the line direction u of the dislocation and its Bur-
gers vector b.
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It must be emphasized that stishovite specimens are
very sensitive to electron irradiation. Consequently,
TEM observations have been achieved quickly under
low-dose conditions in order to reduce beam damage.

Results
Optical scale

Synthesis of stishovite from the wet silica glass resulted
in a relatively coarse-grained material (average grain
size, around 5-10 pm). Some grains could actually grow
very much as they reached the maximum dimensions
allowed in the pressure capsule (=~ 1 mm). Figure 1
shows such an example of a crystal extracted from a
synthesis experiment (run S1925) performed in the same
experimental conditions as run S1926. It is shown that
stishovite grains tend to grow faster along the c¢ direc-
tion. Only grains which nucleated early could grow
freely whereas further crystals had to fit in the available
space. It is important to point out that hydrogen-free
samples (as checked by infrared spectroscopy in the
4,500-2,500 cm ™! spectral range) are produced although
the starting material was containing a large amount of
H-bearing species. This is probably due to the long
annealing time which allowed water to escape from the
capsule.

The occurrence of plastic deformation can be inferred
from optical examination as many grains exhibit clear
undulose extinction contrast under crossed Nichols (see
Fig. 2a). Some grains show twins lamellae which are
likely being due to deformation as they have never been
observed in unstrained samples (Fig. 2b). Most grains
are un-twinned, however, especially those observed at
the TEM scale. The following of this article will thus be
focused on dislocation microstructures only.

200HM

5.3KV

Fig. 1 Scanning electron micrograph of a stishovite single crystal
synthesized at 14 GPa, 1,300°C (run S1925) and extracted from the
capsule
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Fig. 2 Optical micrographs. a Undulose extinction suggesting
plastic deformation by dislocation creep. b Twin lamellac are
clearly visible in some grains

TEM scale

Microstructural investigation was performed in the
TEM in various areas of several thin foils. Sampling of
the investigated areas permitted to discriminate the
representative events produced by plastic deformation.
Nevertheless, the important variation of defect densities
observed from one grain to another indicates that plastic
deformation was heterogeneously produced in the
specimens during deformation.
The main microstructural features are listed below:

e In the most parts of the specimen, numerous dislo-
cations are observed, forming in some cases poorly-
organized dislocation networks (see Fig. 3a).

e Free dislocations, apparently lying in common slip
planes are also found.

e Many grains exhibit long and well equilibrated sub-
grain boundaries. These sub-grain boundaries often
contain dislocations with line segments belonging to
several planes (see Fig. 3b).

Dislocation densities have been estimated using the
method of Ham (1961) based on the superimposition of
a periodic square network onto the TEM images.
Counting the number of intersections between the

Fig. 3 Examples of deformation microstructures. a First stages of
dislocation network formation. Bright-field TEM micrograph, g
parallel to [110]*. b Numerous grains contain sub-grain boundaries.
Some dislocations are curved in several sub-grain boundaries, i.e.,
lye in different glide planes. Dark-field TEM micrograph, g parallel
to [110]*

dislocation lines and the network gives the local dislo-
cation density p using the relation:

2n
— 1
23 (1)

where n is the number of intersections, L is the total
length of the network lines and ¢ is the average thickness
of the foil in the observed area.

Dislocation densities vary from grain to grain. Total
dislocation densities, regardless on the nature of dislo-
cations, have been measured in different investigated
area and fluctuate between 3.3 x 10'" and 2.1x10"* m2.
Only few grains exhibit dislocation densities that can be
significantly lower than the precedent values.

Contrast analysis of the dislocations has been made
in two-beam conditions using various diffraction vectors
g. As seen below, the studied dislocations present dif-
ferent Burgers vectors defining three distinctive families.
The proportion of each family depends on the investi-
gated area.

p:

[001] Dislocations

Extinctions of most observed dislocations were obtained
with g parallel to (100), (110) and (120) directions



according to our indexation conditions, indicating that
their Burgers vectors are parallel to the [001] axis (see
Figs. 4, 5, 6).

The main dislocation characters (that is edge, screw
or mixed) have been deduced from the identification of
the line directions. Representative examples are reported
in Table 1.

The character of [001] dislocations is rather complex.
Dislocations with a dominant edge character are mainly
found in the {100} planes and those observed in the
{110} planes present a dominant screw character. No
significant character is found for dislocations lying in the
{210} planes where very variable situations are observed.

Determination of various dislocation line directions
allowed us to distinguish the following slip systems:
[001](100), [001](110), [001](110), [001](210) and
[001](210).

{100) Dislocations

Although less abundantly observed than [001] disloca-
tions, [100] (or [010] which are formally equivalent)
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dislocations were also identified in various areas of the
deformed specimens. Their occurrence is variable from
grain to grain. Whereas only [001] dislocations were
observed in the area showed in Fig. 5, dislocation den-
sities of [100], [010] and [001] dislocations are found to
be very similar in other grains. For instance, dislocations
densities of the previousl?/ reported dislocation families
are, respectively, 1.1 x 10'", 1.3 x10"" and 0.9 x10"" m~2
in the grain shown in Fig. 6.

The character of (100) dislocations depends on the
dislocation habit plane (see Table 1). (100) dislocations
often present a pure edge character when lying in (001)
or {010} planes. However, they are mixed in the {021}
glide planes.

One can also observe some (100) dislocations exhib-
iting a scalloped shape (see Fig. 7). The line undulations
strongly depend on the dislocation line orientation, thus
on the dislocation character. The dislocation segments
which present a sinuous shape are mostly of dominant
or pure edge character, as observed for dislocations on
Fig. 7 (see also Table 1 for the line orientations). On the
contrary, screw parts of the dislocations are straight, as
seen for the dislocation numbered 5.

Fig. 4 Weak-beam dark-field TEM micrographs of an area
containing both [100], [010] and [001] dislocations a g = [120]",
s=535nm~". b g=[040]", s= 479nm~'. ¢ g=[220]",
s=338nm . d g=[101]", s= 4.45nm '. Dislocations [110]

(numbered /-7 on the figures) are visible with the four diffraction
vectors used. a, b, ¢ Dislocations [001] are out of contrast. d
Dislocations [010] (numbered 8—/4 on the figures) are out of
contrast
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Fig. 5 [001] Dislocations. a Weak-beam dark-field TEM micro-
graph using the [002]* diffraction vector (s=7.50 nm™'). b
Bright-field TEM micrograph, g =[002]". This area presents
[001] dislocations lying in five different slip planes. Sub-grain
boundaries visible on these micrographs also contain [001]
dislocations

Determination of few line directions for each dislo-
cation type leads to the following glide systems:
[100](001), [100](021), [010]{100} and [010]{201}.

[110] Dislocations

The contrast of another dislocation family vanishes
when using g parallel to [101] and [I11] directions.
This suggests that the Burgers vector of these dislo-
cations is parallel to the [101] direction (see disloca-
tions numbered 1 to 7 on Fig. 4). Line directions
of few segments have been identified by stereo-
graphic analysis. Assuming that these dislocations
moved by pure glide, the corresponding slip system is
[110](110).

Discussion and conclusions
Slip systems

Most of the observed dislocations have [001] Burgers
vectors. (100) dislocations are less abundantly observed,
whereas (110) dislocations were found in only one grain,
suggesting that they weakly participate to plastic
deformation.

The dislocation activity appears to be strongly cor-
related with the dislocation elastic energy which scales
with the square of the Burgers vector’s modulus. Fig-
ure 8§ shows that [001] dislocations (0.2667 nm) are
approximately 2 times more favorable than (100} dislo-
cations (0.418 nm) and at least 4 times more favorable
than (110) dislocations (0.591 nm). These different
Burgers vector lengths are responsible for the differences
of contrast experimentally observed between [001] dis-
locations, which usually present a very fine contrast, and
(100) or {110} dislocations which often show a stronger
contrast.

Transmission electron microscopy characterization of
dislocation line directions together with the Burgers
vector directions leads to the identification of several
glide systems which are summarized in Table 2 and
illustrated in Fig. 9. From the observation abundance of
the dislocations lying in each slip planes, the easiest slip
systems appear to be [001]{100}, [001]{210}, followed by
(100){010}, ¢(100)(001) and (100){021}.

Several factors can explain which slip systems are
easily activated. Elastic anisotropy can be one reason.
Stishovite is one of the most anisotropic high-pressure
minerals (see Mainprice et al. 2000). Figure 8 shows the
elastic energy for an edge dislocation in any plane
containing the Burgers vector. The observed glide
planes are arrowed. It is shown that for [001] and (100)
slip, the elastic energy is very insensitive to the glide
plane. Alternatively, the choice of the glide plane can
be determined at the atomic level. Densities p;, of Si-O
bond breaking associated with dislocation glide in the
different slip planes may also constitute a key point
that could favor certain slip planes for a given dislo-
cation vector. The py, values calculated for the various
identified glide systems are reported in Table 2. Marked
differences of p, densities are found between planes
suggesting a possible hierarchy among them. We don’t
have enough observations to further support or deny
this hypothesis. The occurrence of (110){110} glide,
very unlikely from the elastic energy point of view,
could result from the relatively low bond density in the
{110} planes. It is likely, however, that (110) slip has
been activated in the high stress regime during com-
pression, or at the very beginning of the deformation
experiment as observed by Thurel et al. (2003b) in the
case of wadsleyite deformed under comparable condi-
tions.

It is interesting to compare plastic anisotropy of sti-
shovite with the one exhibited by other minerals with the
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Fig. 6 TEM images of [100], [010] and [001] dislocations observed
in the same grain. Ninety-five dislocations have been analyzed in

this area. a Dark-field TEM micrograph, g = [211]". [100], [010]
and [001] dislocations are visible. b Weak-beam dark-field TEM
micrograph, g = [200]", s=4.79 nm~'. Only [100] dislocations are

rutile structure. The plastic properties of TiO, rutile
have been studied in the 800—-1,700 K temperature range
using creep experiments which differ significantly from
our experimental conditions. Less slip systems have been
reported in TiO; rutile than in stishovite: (101){101} (the
easiest) and [001]{110} (Ashbee and Smallman 1963;
Blanchin et al. 1980). Paratellurite TeO, is tetragonal
with ¢ = 0.48 nm and ¢ = 0.76 nm. It can be consid-
ered as a slightly distorted rutile structure in which two
“rutile-like” unit cells are stacked along the [001] axis
(Péter et al. 1986). Possible Burgers vectors in this
structure are {(010) and (110). Optical microscopy and X-
ray topography suggest glide on {100}, (001), {101} and
{110}. {010)(001) are the easiest glide systems in para-
tellurite TeO,. Although more experiments on these
materials would be necessary to confirm this view, the
rutile group does not appear to constitute an analog
series for plastic deformation.

in contrast. ¢ Weak-beam dark-field TEM micrograph, g=[101]*,
s=4.45 nm~". [010] dislocations are out of contrast. d Weak-beam
dark-field TEM micrograph, g=[011]", s=4.45nm~'. [100]
dislocations are out of contrast

Deformation mechanisms

Figure 2b shows that mechanical twinning is one of the
possible deformation mechanisms of stishovite. The
present discussion focuses on dislocation activity only.
Detailed characterizations of dislocation line directions
have led to the identification of the glide planes and
shown that dislocation glide was the dominant defor-
mation mechanism in our sample. The observation of
preferential line orientations is important as it brings
information on dislocation mobilities. Some preferential
edge characters are found for {(100)(001) and (100){010}
as well as for [001]{100} dislocations whereas screw
characters are more characteristic of [001]{110}. This
would suggest a lower mobility for these dislocations.
However, dislocation loops do not seem to have very
anisotropic mobilities in stishovite. It is difficult with
such microstructure to assess the importance of lattice
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Table 1 Characteristics of the [001] and [010] dislocations shown in
Fig. 6

Number b Line Glide Dislocation
direction plane character/o. = (b,u)
1 [100] w = (124 (021) Almost edge/73°
2 [100] w = (124 (021) Almost edge/73°
3 [100] uz = [012 (021) Edge/90°
uy = [010 (001) Edge/90°
4 [100] uy = (010 (001) Edge/90°
S [010] u; = [023 (100) Mixed/44°
us = (132 (201) Almost screw/28°
6 [010] u = [023 (100) Mixed/44°
@ [001] u=[031] (100) Almost edge/78°
u=[114] (110) Almost screw/29°
u=[113] (110) Mixed/37°
u = [123] (210) Mixed/49°
w=[1200  (210)  Edge/90°
u=[122] (210)  Mixed/60°
u=[123] (210) Mixed/49°

One can note that some dislocations (3 and 5) lye in more than one
glide plane. Parameters of [001] dislocations observed in others
areas are also reported

“Dislocations non-visible on Fig. 5

Fig. 7 Detail of Fig. 5a showing the undulations of [100] and [010]
dislocation lines. Dislocations [100] are numbered /-4 and
dislocations [010] are numbered 5-6. Dislocation character and
corresponding slip plane according to the line directions labeled u;
to us are reported in Table 2

friction which may affect every character with a com-
parable intensity.

It must be noted that the identified glide planes,
which are intrinsically defined as the plane containing
the dislocation line and Burgers vector directions, must
be distinguished to the effective motion plane. Indeed,
unambiguous identification of dislocation motion
mechanisms that may locally occur is extremely difficult
to obtain from post mortem TEM analyses. Even if
deformation microstructures appear to mainly result
from dislocation activity suggesting glide of dislocations,

60
50 [110] glide
£
= 40-
>
™ 30 - 021
B (001) [100] glide | (010)
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U oo N
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TR N S frrrTT A
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Fig. 8 Variation of the elastic energy for pure edge dislocations
belonging to the [001]{hkl}, (100){h” k" I’} and (110){h” k" 1 } slip
systems as a function of the angle between planes. Calculations
performed with Disdi (Douin et al. 1986)

Table 2 Densities p,, of atomic bond breaking associated with
dislocation glide in each identified glide system, given for different
glide plane compactness (labeled type A or B, see Fig. 9)

Burgers vectors Glide planes op (nm~?)
{100y {010} Type A : 17.94
Type B : 26.91

(001) 22.89

{021} Type A : 21.18
Type B : 24.71
[001] {100} Type A : 17.94
Type B : 26.91
{110} Type A : 12.69
Type B : 19.03
{210} Type A : 20.05
B Type B : 32.09
(110) {1 10} Type A : 12.69
Type B : 19.03

it is not possible to conclude that only dislocation glide
is involved during deformation.

Indeed, some observations reported above point to-
ward an other deformation mechanism. Figure 7 shows
that in some cases screw parts are smooth whereas edge
segments present a peculiar scalloped shape. The fact
that these undulations affect edge segments only can be
interpreted as an indication of the onset of climb by jog
pair nucleation and propagation. The scalloped shape of
the dislocations is then assumed to result from a slow
propagation of the jog pairs compared to their nucle-
ation rate. The presence of bent dislocations lying in
different subgrain boundaries, as illustrated on Fig. 3b,
further supports the hypothesis of dislocation climb. To
understand this microstructure, it is important to
remember that high-pressure deformation experiments
in the multianvil apparatus are complex. Detailed
microstructural observations from Thurel et al. (2003,
2003a) and Couvy et al. (2004) have shown that these
experiments can be regarded as relaxation tests. High
stresses are generated during cold compression that are
relaxed during further annealing. The drawback is that
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Fig. 9 Structure of stishovite seen along a [100], b [001] and ¢ [110]
directions, showing the silicon octahedral sites and the oxygen
atomic positions. The different glide planes experimentally
observed are seen edge on (b is parallel to the view directions)

the observed microstructures can be rather complicated
(see the case of wadsleyite for instance: Thurel and
Cordier 2003). The advantage is that the late deforma-
tion episodes correspond to very low strain-rate. It must
be remembered that extrapolating laboratory data to
Earth-relevant strain-rates is one of the most challenging
issues of high-pressure experiments. Relaxation experi-
ments offer an interesting possibility to approach such
conditions. It is unlikely that completely new mecha-
nisms (such as nucleation of new slip systems) can be
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enhanced in our experiments as low strain-rates neces-
sarily correspond to small strains. However, dislocations
lines must be the most sensitive probe to this low strain
rate episode. For instance, slowly moving dislocation
will have a greater tendency to lye in their Peierls valleys.
This has motivated our attention on this parameter. The
onset of dislocation climb is thus an important obser-
vation, although the contribution to the deformation of
our sample is obviously negligible. The scalloped edge
dislocations cannot glide any more (the jogs do not be-
long to the glide plane). At some point (most probably
at the end of the experiment when the strain-rate became
very low) the dislocations stopped gliding and began to
climb. This might suggests that dislocation climb could
be an important deformation mechanism of stishovite
under mantle conditions.
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