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at 1090 °C: an electron tomography study
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ABSTRACT
The dislocation microstructures in a single crystal of olivine 
deformed experimentally in uniaxial compression at 1090 °C 
and under a confining pressure of 300  MPa, have been 
investigated by transmission electron tomography in order to 
better understand deformation mechanisms at the microscale 
relevant for lithospheric mantle deformations. Investigation 
by electron tomography reveals microstructures, which 
are more complex than previously described, composed 
of [0 0 1] and [1 0 0] dislocations commonly exhibiting 3D 
configurations. Numerous mechanisms such as climb, cross-
slip, double cross-slip as well as interactions like junction 
formations and collinear annihilations are the source of this 
complexity. The diversity observed advocates for microscale 
deformation of olivine significantly less simple than classic 
dislocation creep reported in metals or ice close to melting 
temperature. Deciphering mechanism of hardening in 
olivine at temperatures where ionic diffusion is slow and 
is then expected to play very little role is crucial to better 
understand and thus model deformation at larger scale 
and at temperatures (900–1100  °C) highly relevant for the 
lithospheric mantle.

1. Introduction

Cooling of the Earth is mediated by convection processes, which induces plastic 
deformation of mantle rocks at extremely slow strain rates. As the upper mantle 
is principally composed of olivine (>60% in volume), this mineral controls the 
mechanical properties of the Earth’s upper mantle. In this study, we investigate 
the plastic behaviour of olivine at the temperature of 1090 °C (i.e. a temperature 
similar to those near the lithosphere/asthenosphere boundary). At this tempera-
ture and for grain size >1 mm, dislocation creep is expected to be the dominant 
mechanism of plastic deformation, with potentially contribution of dislocations 
with [1 0 0] and [0 0 1] Burgers vectors. Indeed, deformation in the [0 1 0] direction 
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has never been reported for olivine (i.e. the so-called olivine paradox [1]). Below 
1000 °C, olivine deforms by glide along [0 0 1] [2–6] while above 1200 °C [1 0 0] 
glide dominates [3,7–9]. A [0 0 1]/[1 0 0] transition temperature of approximately 
1000 °C was reported by Raleigh [10], where the dislocation microstructures of 
deformed olivine seem to be complex. Indeed, Durham et al. [3] and Raterron et al. 
[8,9] have observed 3D shapes [1 0 0] and [0 0 1] dislocations in their samples. The 
behaviour of olivine single crystals deformed experimentally below 1000 °C has 
already been investigated yielding a mechanical data-set [11] together with trans-
mission electron microscopy (TEM) observations [12,13]. Most of the deformed 
samples did not reach steady state, and deformation curves exhibit continuous 
hardening. Two samples were particularly interesting: specimen PoEM9 deformed 
at ∼800 °C and specimen PoEM11, deformed at 850 °C. Only [0 0 1] dislocations 
have been reported in theses samples, but yet the dislocation microstructure, 
imaged by TEM was complex, as evidenced by several dislocation loop families and 
numerous 3D-dislocations. Furthermore, for polycrystalline olivine, deformed at 
higher temperature (900 °C, sample PoEM22 and 21), TEM analyses have demon-
strated the occurrence of a majority of [0 0 1] dislocations with only few [1 0 0] 
[14]. A more recent study, also based on experimentally deformed olivine single 
crystals, but deformed in simple shear and at temperature ranging from 1000 and 
1300 °C, has reported a transition temperature of approximately 1200 °C [15]. 
This mechanical study was completed by sample characterisation using electron 
backscatter diffraction (EBSD), but no TEM analyses were performed.

The aim of the present study is to further elucidate how dislocations interact to 
generate or not hardening during plastic deformation of olivine above 1000 °C, 
but below 1200 °C, where temperature is yet not high enough to induce signifi-
cant ionic diffusion and recovery/annealing processes. We use the experimentally 
deformed samples from Demouchy et al. [11] and TEM for dislocation charac-
terisations using up-to-date electron tomography to accurately understand how 
3D-dislocations microstructures are produced. Electron tomography of disloca-
tions allows overcoming the intrinsic limitations of observation of dislocation 
microstructures in the TEM (due to limitations in tilt amplitude) and ultimately 
provides a 3D numerical model of the dislocations geometries. These geometri-
cal parameters (line directions, planes containing the lines in relation with the 
Burgers vectors) are very important to decipher the actual mechanisms operating 
in a deformed olivine.

2. Experimental methods

2.1. Description of the specimens and the deformation experiments

Olivine single crystals (from, San Carlos, AZ, USA) were deformed at 300 MPa 
in a confining medium of argon [16,17]. Prior to deformation, olivine cylinders 
were crystallographically oriented parallel to [1 0 1]c (i.e. the direction at 45° 
between [1 0 0] and [1 0 0] in the orthorhombic cell of olivine) to activate the 
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3174   A. MUSSI ET AL.

[0 0 1](1 0 0), [0 0 1](1 1 0), [1 0 0](0 0 1) and [1 0 0](0 1 1) slip systems [11]. Two 
samples are investigated here: PoEM8 and again PoEM9. The experimental con-
ditions are summarised on Table 1. Technical details are fully reported in [11]. 
In brief, samples were deformed in axial compression at a constant displacement 
rate. Resulting deformation curves show large flow stresses (final stress of 754 
and 498 MPa for PoEM9 and PoEM8, respectively), where steady state was not 
reached since a constant hardening was observed. At the end of the experiments, 
the deformation piston was maintained in place, and the temperature decreased 
(i.e. ‘slow quench’) at a rate of 150 °C/min. Recovered samples were cut parallel 
to the compression axis in two sections, two slabs located in the centre part of the 
section were prepared for EBSD and TEM characterisation, respectively. Sample 
preparation specific for electron tomography is detailed below.

2.2. Transmission electron tomography

Thin slabs were cut from the deformed specimen and mechanically polished down 
to a thickness of 30 μm. In order to reach electron transparency, the sample foils 
were Ar-ion milled with a Gatan® DuoMill TM model 600. Carbon films were 
deposited on the thin foils to ensure electron conduction. TEM investigations 
were performed with a FEI® Tecnaï G220Twin microscope, operating at 200 kV 
with a LaB6 filament, using a double tilt sample-holder with a maximal angular 
range of ±60°. Olivine crystal structure is orthorhombic (a ≈ 4.75Å, b ≈ 10.19Å 
and c ≈ 5.98Å). It is described here within a Pbnm space group [18]. The diffrac-
tion patterns were simulated with the Electron Diffraction software, in kinematic 
conditions [19]. Dislocations were characterised using the weak-beam dark-field 
(WBDF) technique. The use of a precessed electron beam [20] enabled us to: (1) 
facilitate indexing of the diffraction pattern (with a large precession angle (>1°), 
multiple diffraction paths are limited, which enables us to get closer to kinematic 
conditions); (2) homogenise the background and the dislocation contrasts [21,22]; 
a precession angle of 0.1° is high enough to drastically reduce the thickness fringe 
contrasts and the dislocation oscillating contrasts as well as low enough to avoid 
masking the precessed beam by the objective aperture.

Five and seven tilted series were acquired, every 2°, in WBDF conditions 
associated with precession, from approximately −60° to 56° and −56° to 48° for 
PoEM8 and PoEM9, respectively. As the contrast is weak in WBDF, the acquired 
tilted series have been manually centred within one-pixel accuracy [22] using the 
Gatan® image alignment software. Each micrograph has been numerically filtered 
with a kernel matrix [23] and/or a polynomial fit, using the ImageJ software, to 

Table 1. experimental conditions for deformation of the two olivine single crystals.

Specimen Temperature Final stresses (MPa)  �̇� εTotal (%)

PoeM9 806 °c 754 5.10−5 s−1 10.1
PoeM8 1090 °c 498 10−5 s−1 7.4
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PHILOSOPHICAL MAGAZINE   3175

homogenise the background and the dislocation contrasts, and to increase the 
dislocation contrast. The weighted back projection algorithm [24] was used to 
reconstruct the dislocation volumes. This algorithm is accessible on the TomoJ 
plugin [25], which is available on ImageJ. Most dislocations have been redrawn 
using the UCSF Chimera software [26–28].

3. Results

3.1 Dislocation content

All the micrographs used for the tilted series of PoEM8 have been acquired in 
WBDF conditions with the 2 2 2̄ diffraction vector (g). Five zones have been inves-
tigated, which represent an analysed volume of approximately 27 μm3. A repre-
sentative micrograph of PoEM8 is shown in Figure 1. Dislocations are curved; 
no straight dislocations (often taken as indicative of glide controlled by lattice 
friction) can be found. There are dislocations with [1 0 0] and [0 0 1] Burgers vectors 
which can be distinguished using g = 2 2 2̄ (Figure 1(a)) and 0 6 2̄ (Figure 1(b)). 
A few junctions are pointed out by yellow arrows (Figures 1, 2, 3 and 4). With 

Figure 1. (colour online) Typical PoeM8-PoeM9 microstructures: (a) WBDF micrograph obtained 
with the 2 2 2̄ diffraction vector ([1 0 0] and [0 0 1] dislocations are in contrast); (b) WBDF 
micrograph obtained with g  = 0 6 2̄ on the same region as (a) (only [0 0 1] dislocations are in 
contrast); (c) corresponding 3D reconstruction ([1 0 0], [0 0 1] and 

[

1 0 1̄
]

 dislocations are shown in 
blue, orange and yellow colours, respectively), the two yellow arrows point out 

[

1 0 1̄
]

 junctions; 
(d) characteristic microstructure of PoeM9 only composed of [0 0 1] dislocations, with a large 
majority of straight lined screw segments, few non-screw segments and scarce dislocation loops 
[10]; (e) 3D reconstruction of (d) ([0 0 1] dislocations are shown in orange).
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3176   A. MUSSI ET AL.

g = 2 2 2̄, the 
[

1 0 1̄
]

 junctions exhibit contrasts twice as bright as [1 0 0] and [0 0 1] 
segments. Indeed, the g·b product is equal to 4 for b =

[

1 0 1̄
]

, and 2 for b = [1 0 0] 
and b = [0 0 1]. The [1 0 1] junctions are out of contrast as the g·b product is equal 
to 0 with b = [1 0 1]. In the reconstructed volume shown in Figure 1(c), orange, 
blue and yellow colours are used to differentiate dislocations with [1 0 0], [0 0 1] and 
[

1 0 1̄
]

 Burgers vectors, respectively. Small loops (∅ ≈ 30 nm) and larger loops (∅max 
≈ 250 nm) of [1 0 0] and [0 0 1] dislocations are observed. Electron tomography has 
provided the possibility to index more than 1000 planes containing dislocation 
segments. They are reported in Table 2. The proportion of gliding1 dislocations is 
close to 40% and approximately 70% of the whole indexed planes are composed 
of [0 0 1] dislocation segments. The total dislocation density, which is calculated 
from the total dislocation length digitised in Chimera, is 2.6 × 1013 m−2.

3.2. Dislocation distribution and slip systems

Electron tomography allows, by indexing the planes containing dislocation seg-
ments, to discriminate those in glide configurations (so-called ‘gliding’) from 
the sessile ones, as shown in Figure 2, where numerous dislocations from the 
[0 0 1](1 1 0) and [1 0 0](0 0 1) slip systems can be characterised. Dislocations 
belonging to the [0 0 1](1 1 0) slip system are shown in white while those from 
[1 0 0](0 0 1) are drawn in black. Considering all the tilted series (Table 2), we 
find that 76% of gliding dislocation belong to [0 0 1]{1 1 0}, whilst 16% belong to 
[0 0 1](1 0 0). Over half of the gliding [1 0 0] segments are lying in (0 0 1). Moreover, 

Figure 2. (colour online) Main slip systems and cross-slip or/and collinear annihilations in PoeM8: 
(a) WBDF micrograph performed with g  = 2 2 2̄, with a tilt angle of 56° where: the (1 1 0) and 
the (0 0 1) plane are indicated, black arrows point out probable specific configurations, which 
may be cross-slip or/and collinear interactions with small dislocation loops (some isolated loop, 
with approximately the same sizes, are in the vicinity); (b) Three enlargement of (a), upper part; 
(c) enlargement of (a), upper part of the image centre; (d) enlargement of (a), lower part of the 
image centre; (e) enlargement of (a), lower part; (f ) corresponding reconstruction volume, with a 
projected angle of 63° where: black dislocation segments designate the edge-on [1 0 0](0 0 1) slip 
systems, white dislocation segments designate the edge-on [0 0 1](1 1 0) slip systems, the yellow 
arrow points out a 

[

1 0 1̄
]

 junction.
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PHILOSOPHICAL MAGAZINE   3177

a high proportion of dislocations from [1 0 0]{0 1 1} and [1 0 0]{0 2 3} slip systems 
are also observed. Since the angle between (0 1 1) and (0 2 3) is only of 9°, we have 
grouped them, and together they represent approximately one third of all the 
gliding [1 0 0] segments. We will now focus on the indexed planes, which cannot 
be related to gliding dislocations. Their role is important since they represent 60% 
of the indexed dislocations.

Figure 3.  (colour online) Dislocation climb planes (the dislocation segments which lie on the 
{1 1 1} planes are coloured in red and the dislocation segments are coloured in green for the 
{2 1 1} planes): (a) 3D reconstruction of a PoeM8 tilted series obtained with g  = 2 2 2̄, with a 
projected angle of 63° (the 

(

1 1 1̄
)

 and (1 1 1) planes are edge-on with this projection condition); 
(b) Projection angle of 76° (the 

(

1 1 1̄
)

 and (2 1 1) planes are edge-on along this direction); (c) 
282° tilt angle (the 

(

1 1 1̄
)

, 
(

1 1̄ 1
)

, 
(

2 1 1̄
)

 and 
(

2 1̄ 1
)

 planes are edge-on with this orientation); (d) 
Projection angle of 320° (the 

(

1 1 1̄
)

 and 
(

2̄ 1 1
)

 planes are edge-on with this projection condition), 
the white dashed square points out a break-up of a dislocation dipole by climb, the four yellow 
arrows point out 

[

1 0 1̄
]

 junctions; The numerous dislocation segments which lie on the {1 1 1} 
and the {2 1 1} planes (19 segments in {1 1 1} and 23 segments in {2 1 1}) show the occurrence 
of climb in PoeM8.
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3178   A. MUSSI ET AL.

3.3. Sessile dislocation segments

There are a variety of indexed planes containing sessile dislocation segments, but 
several planes are more abundant (Table 2). A total of 25% of all planes containing 
sessile dislocation segments are members of the {1 1 1} family for both [1 0 0] and 
[0 0 1] Burgers vectors, 12% of [0 0 1] dislocations lie within (0 0 1). 9% of dislo-
cations with [1 0 0] and [0 0 1] Burgers vectors lie within {2 1 1}. Consequently, 
approximately 50% of all the indexed planes of the sessile dislocations belong to 
{1 1 1}, (0 0 1) and {2 1 1}. The presence of numerous dislocation segments lying on 
{1 1 1} and {2 1 1} is clearly confirmed by Figure 3 (in red and green, respectively). 
The other indexed sessile dislocations are lying on odd {hkl} planes.

4. Discussion

4.1. Influence of temperature from 800 to 1090 °C (comparison between 
PoEM8 and PoEM9)

The compression axis of PoEM8 is along [10 4 19] and that of PoEM9 is along 
[1 0 1], i.e. at only 24° from each other. From a purely geometrical point of view, 
these two orientations are likely to activate the same slip systems, i.e. [0 0 1](1 0 0), 
[0 0 1](1 1 0), [1 0 0](0 0 1) and [1 0 0](0 1 1). The orientation alone is unlikely to be 
able to explain the marked differences between the dislocation microstructures 
observed in PoEM8 and in PoEM9 (Figure 1(d)–(e)). However, there is a difference 
of 300 °C between PoEM8 and PoEM9. Consequently, the comparison of these two 
experiments gives us the possibility to study the role of temperature in this range. 
The microstructure of PoEM9 is composed of [0 0 1] screw gliding dislocations 
only; while the microstructure of PoEM8 is mainly composed of non-screw, [1 0 0] 
and [0 0 1] dislocations, with 3D shapes and a large fraction of sessile components. 
The occurrence of [1 0 0] dislocations was expected in PoEM8, as the onset for 
[1 0 0] glide has already been reported in olivine above ca. 900–1000 °C in single 
crystals [2–4,8–10,15] and polycrystals [5,6,14,29,30]. Considering the Schmid 
factors associated with the slip systems in PoEM8, we find that [0 0 1]{1 1 0} and 
[1 0 0](0 0 1) are the most activated slip systems, followed by [0 0 1](1 0 0). As 
there are only [0 0 1] dislocations in PoEM9, the most activated slip systems are 
[0 0 1]{1 1 0}, followed by the [0 0 1](1 0 0) slip system [10].

The occurrence of large dislocation loops (several hundreds of nm), lying on 
undefined {hkl} planes, can be explained by the mechanism of double cross-slip 
[31]. Three configurations indicative of double cross-slip are found in PoEM8 as 
shown in Figure 4:

•  the first configuration (Figure 4(a)) consists of a [0 0 1] dislocation, which 
double cross-slips on the (1 1 0) and 

(

1 1̄ 0
)

 planes;
•  the second configuration (Figure 4(b)) consists of a [1 0 0] dislocation, 

which double cross-slips on the (0 1 0) and (0 0 1) planes;
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•  and the third one, more complex (Figure 4(c)), consists of a [0 0 1] dislo-
cation, which double cross-slips on the (1 1 0) and 

(

1 1̄ 0
)

 planes, with an 
interaction with a [1 0 0] dislocation, notice a 

[

1 0 1̄
]

 junction as well.

This mechanism has already been mentioned in a previous study on the dis-
location population characterisation in deformed sample PoEM11 (see Figure 5 
in [13]). From Table 1, approximately half of sessile dislocation segments lie on 
unexpected {hkl} planes. This seems to be the signature of a high occurrence of 
the double cross-slip mechanism in PoEM8.

The activation of [100] glide in PoEM8 may explain the difference of micro-
structure with PoEM9. [100] and [001] dislocations may interact and create ses-
sile junctions which have already been predicted in olivine using Dislocation 
Dynamics simulations [32] and observed in TEM [12]. The observed 3D config-
urations may result from the need for entangled dislocations to find other degrees 

Figure 4.  (colour online) Double cross-slip mechanism: (a) Reconstructed volume of a [0 0 1] 
dislocation obtained with g = 2 2 2̄ (projected angle of −143°, −117°, −53°, −27°, 37°, 63°, 127° 
and 153°), the (1 1 0) planes are edge-on for the −117° and 63° tilt angles (

[

1 1̄ 0
]

 zone axis) and the 
(

1 1̄ 0
)

 planes are edge-on for the −53° and 127° tilt angles ([1 1 2] zone axis); (b) Reconstructed 
volume of a [1 0 0] dislocation performed with the same diffraction vector as (a) (projected angle 
of −117°, −41°, −12°, 63°, 116° and 168°), the (0 0 1) planes are edge-on for the −117° and 63° 
tilt angles and the (0 1 0) planes are edge-on for the −12° and 168° tilt angles ([1 0 1] zone axis); 
(c) complex dislocation configuration composed of a [1 0 0] and a [0 0 1] dislocation, a 

[

1 0 1̄
]

 
junction (yellow segment) and an attractive [0 0 1]/[1 0 0] dislocation crossed state; moreover 
a double cross-slip configuration of the [0 0 1] dislocation is revealed (same description as (a)); 
(d) simulation of the Kikuchi lines, between −165° and 180°, in kinematic conditions (electron 
Diffraction software [33]); the (0 1 0) and (0 0 1) Kikuchi lines are shown in blue colour (in reference 
with the [1 0 0] dislocation in blue colour) and the (1 1 0) and 

(

1 1̄ 0
)

 Kikuchi lines are shown in 
red colour (in reference with the [0 0 1] dislocation in orange colour); (e) summary of the three 
dislocation configurations in (a), (b) and (c) for tilt angles of 0°, 63° and −27°, respectively (the 
white dislocations segments designate the [0 0 1](1 1 0) slip systems, the light grey dislocations 
segments refer to the [0 0 1]

(

1 1̄ 0
)

 slip systems and the black dislocation segments designate the 
[1 0 0](0 0 1) slip systems), the yellow arrow points out a 

[

1 0 1̄
]

 junction.
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3180   A. MUSSI ET AL.

of freedom to move (cross-slip and/or climb). Climb is another possibility as at 
1090  °C (i.e. approximately 70% of the melting temperature of olivine), ionic 
diffusion mechanisms are expected to still play a role. Approximately half of all 
the indexed sessile planes correspond to odd {hkl} planes (arising from double 
cross-slip mechanisms), and almost half of all the indexed sessile planes corre-
spond to {1 1 1}, (0 0 1) and {2 1 1} (Table 2). As these three sessile plane families 
have frequently been indexed, there is a strong possibility that they come from a 
specific mechanism like climb. Consequently, we propose that {1 1 1}, (0 0 1) and 
{2 1 1} could be climb planes. Due to the low deformation temperature of PoEM9, 
few dislocation segments in climb configurations, had been observed in this spec-
imen [13]. However, Durham and coworkers [2,3] had already draw attention on 
the importance of climb mechanisms in olivine single crystals deformed in the 
temperature range 1150–1600 °C.

Generally, climb and cross-slip are expected to induce strain softening during 
plastic deformation [34]. However, the PoEM8 stress/strain curve shows strain 
hardening (Figure 3 in Demouchy et al. [11]), which we discuss below.

4.2. Strain hardening during the deformation of an olivine single crystal at 
1090 °C

Taking into account the previously mentioned aspects, a scenario for the different 
mechanisms activated during the plastic deformation of an olivine single crystal 
deformed at 1090 °C is now proposed.

Table 2. lying planes for the [1 0 0] and [0 0 1] dislocations in sample PoeM8.

Dislocation Mechanisms {hkl} planes Total
[0 0 1] glide (1 0 0) 41

{1 1 0} 199
{1 2 0} 9
{1 3 0} 1
{1 4 0} 3
(010) 7

climb (0 0 1) 81
{1 1 1} 114
{211} 38
{1 1 2} 47

Unknown {hkl} 220
[1 0 0] glide (0 0 1) 79

{0 2 3} 32
{0 1 1} 16
{0 2 1} 11
{0 4 1} 8
(0 1 0) 7

climb {1 1 1} 48
{2 1 1} 20

Unknown {hkl} 91
[0 0 1] proportion     71%
[0 0 1] glide proportion     34%
[1 0 0] glide proportion     49%
glide proportion     39%
climb Proportion     32%
Unknown proportion     29%
  Total 1072
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As soon as the yield stress is reached, [0 0 1] and [1 0 0] dislocations multiply 
to reach a ratio of ⅔ of [0 0 1] and ⅓ for [1 0 0] (Table 2). Easy slip systems, i.e. 
[1 0 0](0 0 1), [0 0 1]{1 1 0} and [0 0 1](1 0 0), are then active. As [1 0 0] and [0 0 1] 
dislocations glide on different planes, they interact and generate [1 0 1] and 
[

1 0 1̄
]

 junctions (see Figures 1(c), 2(c), 3 and 4(c)–(e)), which impede dislo-
cation glide. Dipoles of [0 0 1] and 

[

0 0 1̄
]

 dislocations, and of [1 0 0] and 
[

1̄ 0 0
]

 
dislocations also form, which is potentially another source of strain hardening. 
From Boioli et al. [35], we know that these dipoles progressively annihilate by 
climb, generating small sessile dislocation loops (∅ < 30 nm). As a result of dif-
fusion, these small loops progressively disappear, increasing the proportion of 
the largest ones [36]. As an illustration, such an elongated dislocation loop can 
be noted in Figure 3(d) (framed area). This loop appears to be a closed-ended 
dipole (as shown in the Figure 6 in Lagerlöf et al. [37]). Gliding dislocations 
may interact with such remaining loops and create [1 0 1] and 

[

1 0 1̄
]

 junctions as 
well as collinear interactions. [1 0 0] and [0 0 1] dislocations are both affected by 
collinear annihilations. Junctions formed by collinear interactions are difficult 
to unzip [38]. Consequently, collinear interactions represent a third poten-
tial mechanism of strain hardening. Even if there are several strain hardening 
mechanisms, dislocations can overcome obstacles and move using mechanisms 
other than glide, including climb, cross-slip and multiple cross-slip. However, 
these mechanisms can also promote locking mechanisms, as they create 3D 
dislocation structures. Multiple cross-slip and more precisely double cross-slip 
generates large dislocation loops with a diameter of several hundreds of nm, 
lying in unprescribed {hkl} planes [31], for dislocations with [0 0 1] and [1 0 0] 
Burgers vectors. As mentioned previously, gliding dislocations can interact with 
these sessile loops, inducing a fourth strong strain hardening contribution. 
Consequently, we find that numerous strain hardening mechanisms are poten-
tially involved during the plastic deformation of PoEM8, which is in agreement 
with the compression stress–strain curve evolution displayed in Figure 3 in 
Demouchy et al. [11].

It is worth mentioning that the picture presented here corresponds to defor-
mation tests performed at laboratory strain rates (of the order 10−5 s−1, Demouchy 
et al. [11]), which are considerably faster than mantle strain rates (of the order of 
10−14 s−1). The macroscopic hardening is obviously the result of a dynamic process, 
which involves a competition between formation of obstacles to dislocation glide 
and recovery processes, which overcome them. As for sessile loops for instance, 
their elimination being controlled by ion and vacancy diffusion, one can expect 
that more time being provided in nature, their hardening role should be reduced. 
A first assessment of this issue has been presented in Boioli et al. [35]. As a result, 
strain hardening near the lithosphere/asthenosphere boundary may be less sig-
nificant than suggested by experimental data.
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5. Conclusion

The dislocation microstructure of PoEM8 (1090 °C) is more complex than in 
PoEM9 (~800  °C) and several mechanisms could explain the generation of 
these microstructures (e.g. collinear interaction, climb, and cross-slip) but their 
de-convolution is difficult. Nevertheless, electron tomography enables us to 
characterise the double cross-slip mechanism and the comparison between the 
two experiments (PoEM8 and PoEM9) helps to identify different interaction 
mechanisms: (1) PoEM9 has been deformed well below 1000 °C (at 806 °C). 
Its microstructure is principally composed of straight screw [0 0 1] dislocations 
highlighting high lattice friction at 800  °C. The orientation of the compres-
sion axis of PoEM9 preferentially activates the [0 0 1]{1 1 0} and [0 0 1](1 0 0) 
slip systems. Few dipoles appear during plastic deformation. As the climb 
mechanism is weakly activated at such a temperature, the creation of sessile 
dislocation loops by progressive dipolar annihilations is consequently limited. 
The low occurrence of dislocation loops reduces collinear interactions, so the 
dislocation microstructure of PoEM9 is simple. (2) PoEM8 was deformed at 
1090 °C. Its microstructure is composed of both [1 0 0] and [0 0 1] dislocations. 
The [1 0 0](0 0 1), [0 0 1]{1 1 0} and [0 0 1](1 0 0) slip systems dominate the micro-
structure, in agreement with the orientation of the compression axis. Moreover, 
both diffusion, and climb did occur due to the more elevated temperature. 
Consequently, planar glide controlled by lattice friction is not dominant and 
the dislocation shapes become 3-dimensional. With such a configuration, many 
junctions and collinear interactions form during the deformation. Dislocations 
can get away from their blocked configurations by cross-slip. The mechanism of 
double cross-slip produces large sessile dislocation loops, sources of new dislo-
cation interactions. Consequently, the dislocation microstructure of PoEM8 is 
more diverse and intricate than the microstructure of PoEM9, and permits to 
revise the mechanisms of plastic deformation in the peridotitic mantle, where 
grain size is too large and temperature is too low to lead to only diffusion 
creep. Here, at 1090 °C, ionic diffusion is still at play, but only as a secondary 
process, unlocking locally dislocations. This result will allow to better model 
plastic deformation of the uppermost mantle at larger scale for temperatures 
(900–1100 °C) highly relevant for the lithospheric mantle.

Note

1.  By ‘gliding’ dislocations, we mean dislocations which are in glide configuration, i.e. 
where the plane containing the dislocation line also contains the Burgers vector. 
This is to be opposed to sessile dislocations, for which the Burgers vector is not in 
the plane containing the dislocation line. Hence these sessile dislocations cannot 
glide in their plane. Sessile dislocations can be produced by mechanisms like climb 
or cross-slip.
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