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Abstract. We report a comprehensive dataset characterizing and quantifying the dislocation density in the crystallographic
frame (p§) and disclination density (pg) in fine-grained polycrystalline olivine deformed in uniaxial compression or torsion,
at 1000 °C and 1200 °C, under a confining pressure of 300 MPa. Finite strains range from 0.11 up to 8.6 % and stresses
reach up to 1073 MPa. The data set is a selection of 19 electron backscatter diffraction maps acquired with conventional
angular resolution (0.5°), but at high spatial resolution (step size from 0.05 to 0.1 pm). Thanks to analytical improvement for
data acquisition and treatment with notably the use ATEX software, we report spatial distribution of both geometrically
necessary dislocation (GND) and disclination densities. Area with the highest GND densities define subgrain boundaries.
The type of GND densities involved also indicate that most olivine subgrain boundaries have mixed character. Moreover,
strategy for visualization also permit to identify a population of minor GND, not well organized. Low temperature and high
stress sample displays a higher, but less organized GND density than sample deformed at high temperature for similar finite
strain and identical strain rate, confirming the action of dislocation creep in these samples, even for small grain (2 pum).
Furthermore, disclination dipoles along grain boundaries are identified in every undeformed and deformed EBSD maps,
mostly at the triple junction of a grain boundary with a subgrain, but also along sub-grain boundaries, and at subgrain
boundary tips. Nevertheless, for the range of parameters investigated, there is no notable correlation of the disclination
density with stress, strain, or temperature. However, a positive correlation between average disclination density and average
GND density per grain is found confirming their similar role as defects producing intragranular misorientation. Furthermore,
a negative correlation between the disclination density and the grain size or perimeter is found, providing a first rule of

thumb on the distribution of disclinations. Field Disclination and Dislocation Mechanics simulations of the elastic fields due
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to experimentally measured dislocations and disclinations (e.g. strains/rotations and stresses), provide further evidence of the
interplay between both types of defects. At last, our results also support that disclinations act as a plastic deformation

mechanism, by allowing rotation of a very small crystal volume.

1 Introduction

As the most abundant (> 60 % in volume) and weakest mineral phase in the Earth’s upper mantle, olivine dictates the upper
mantle rheology and hence the kinematics of the upper mantle convection and the relative rigidity of the overlaying
lithospheric plate compared to the asthenosphere below. Experimental deformation of olivine at temperatures relevant to the
lithospheric mantle and subducting slabs (< 1200 °C) and extensive studies of mantle-derived xenoliths of peridotites show
that dislocation creep is the major deformation mechanism in the uppermost mantle (e.g., Hirth and Kohlstedt, 2003;
Tommasi and Vauchez, 2015; Bernard et al., 2019). This mechanism of deformation is rate-controlled by dislocations
motion, which are topological defects in the crystal lattice arising from translational lattice incompatibility (as measured by
the Burgers vector, b). Dislocations can exhibit conservative motion (glide) in some specific planes, defining slip systems
(slip direction and associated plane of glide). For a polycrystalline aggregate to undergo an arbitrary imposed homogenous
deformation, five independent slip systems are required (von Mises criterion, Mises, 1928; Hutchinson, 1977). Yet,
dislocations in olivine can only glide according to three independent slip systems ([100](010), [100](001), [001](010) or
[100](010), [001](010), [001](100)), which are directly constrained by the lack of glide in the [010] direction (for a brief
review see Demouchy, 2021). Therefore, an additional degree of freedom must be provided, e.g. dislocation climb or grain
boundary mechanisms like grain boundary sliding or grain boundary migration. Nevertheless, (1) at temperatures < 1100 °C,
ionic diffusion and thus dislocation climb in olivine is a mechanism too slow to significantly contribute to macroscopic creep
(e.g. Goetze, 1978; Evans & Goetze, 1979; Hirth & Kohlstedt, 2003; Cordier et al., 2014), and (2) dislocation-
accommodated grain boundary sliding requires displacement and/or significant discontinuities at grain boundaries, including
cavitation (e.g., Langdon, 2006; Gasc et al., 2019). A novel solution was proposed as a complementary mechanism for creep
in olivine aggregates: Disclinations. Disclinations are rotational topological defects arising from rotational lattice
incompatibility (as expressed by the Frank rotational vector ; de Wit, 1970), which have been mostly reported in liquid
crystals (Voltera, 1907; Friedel, 1922; Frank, 1958). They were observed in polycrystalline metals (Beausir and Fressengeas,
2013; Fressengeas and Beausir, 2018), and in experimentally deformed polycrystalline olivine, but also in natural olivine-
rich rocks (Cordier et al., 2014) and where successfully modeled in forsterite (Sun et al., 2016, 2018). Historically,
disclinations were thought to be too high energetically to exist in crystalline solids such as silicates (Friedel, 1922; Hirth and
Lothe, 1982, p.4). In polycrystalline solids, disclinations are thought to arrange in self-screened configurations like dipoles,
thus significantly reducing the stored elastic energy in the deformed lattice (Romanov & Vladimirov, 1992; Romanov &
Kolesnikova, 2009; Cordier, 2014). As such, they can be used to describe the lattice structure when a single-valued elastic

rotation field does not exist, such as for grain boundaries (Li, 1972). Disclinations might therefore prove useful in modeling
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high-angle grain boundaries, grain boundary ledges, deformation of nano-aggregates and grain boundaries as sources and
sinks for dislocations (e.g., Kleman & Friedel, 2008). In forsterite, Heinemann et al. (2005) has shown that only grain
boundaries with disorientation angles lower than 20 ° can be modeled with the classic dislocation-based Read-Shockley
model (Read and Shockley, 1950). For high-angle boundaries, dislocation cores would overlap, invalidating this description.
Consequently, a solution is to introduce periodic arrays of disclination dipoles in high-angle grain boundaries models, which
was achieved successfully in the recent years (e.g., Fressengeas et al., 2011; Upadhyay et al., 2011; Taupin et al., 2014; Sun
et al., 2016, 2018). Further limitations in dislocation-based grain boundary models are induced by spatial considerations,
which complicates three-dimensional grain networks models (Sutton & Vitek, 1983). Disclination-based models can
overcome these limitations by implementing the discontinuities of the elastic displacement (i.e., relative rotation) of the
crystal lattice along grain boundaries.

In this paper we investigate the polycrystalline olivine microstructure at high spatial resolution using conventional electron
backscatter diffraction (EBSD). Specifically, we quantify the geometrically necessary dislocation and disclination density in
deformed polycrystalline olivine for a range of temperatures, finite strains and stresses. We use experimentally deformed
samples at high pressure from previous studies (Demouchy et al. 2012 ; Thieme et al., 2018), providing a new dataset for
finite strains up to early steady state and temperatures of 1000 °C and 1200 °C. Additionally, we investigate the effect of
acquisition setup (e.g., sample preparation and step size), data treatments such as range of disorientation, and display features

such as smoothing and user-defined scale to define the best visual comfort for maps of disclination density.

2 Material & Methods
2.1 Experimental sample and preparation

We have selected experimentally seven deformed samples by Thieme et al. (2018) and one undeformed sample from
Demouchy et al. (2012), see Table 1. All samples are synthetized from inclusion-free single crystals of San Carlos olivine
washed and pulverized in a fluid energy mill, resulting in a grain equivalent diameter before hot-pressing and deformation of
~ 2 pm. San Carlos olivines have a mean composition of (Mgo.o1Feo.00Ni0.003)2S104 (e.g., Buening and Buseck, 1973; Frey
and Prinz, 1978; Demouchy, 2010) and a naturally low water content (< 1 ppm wt H2O, see e.g., Demouchy, 2010).
Orthopyroxene and chromite are expected as trace fraction only and their presence helped buffering the silica activity and
oxygen fugacity, respectively.

The fine-grained powder of San Carlos olivine was first cold-pressed in Ni capsules, and subsequently sintered at 1200 °C
and 300 MPa (Argon) for 3 h, producing dense polycrystalline cylinder ~8§ mm in diameter and ~16 mm long. Sintered
polycrystals were subsequently deformed in either uniaxial compression (Thieme et al., 2018) or torsion (Demouchy et al.,
2012) in a high-pressure high-temperature deformation gas-medium apparatus (Paterson, 1990; Paterson and Olgaard, 2000).
Confining pressure is 300 MPa for both type of experiments, temperature was set at 1000 °C or 1200 °C and equivalent

strains range from 0.11 to 8.6 %. One sample (CMT16-7) is a sintered but undeformed aggregated used here as has a
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reference ‘starting material’. Torsion sample PI0546 contains 45 pul of deionized water added to the cold-pressed aggregate,
but very limited amount of hydrogen was embedded in the olivine lattice (see Demouchy et al., 2012 for details). The
samples were previously examined by transmission electron microcopy and did not reveal the presence of cavitation induced
by grain boundary sliding or stressed-induced amorphization of olivine inside the grain boundaries (Demouchy et al., 2012;
Thieme et al., 2018; Samae et al., 2021). For the samples deformed in torsion, a section trough the center of the sample and
perpendicular to the shear direction was cut with a slow speed saw and embedded in epoxy, while samples were cut parallel
to the deformation axis for the sample deformed in axial compression. Recovered samples were then polished, including a
final chemo-mechanical polish using colloidal silica (0.04 um particles, average polishing times of 1 h) for investigation in
scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD).

EBSD maps were acquired at the center of the sample deformed in axial compression, while for samples deformed in
torsion, EBSD maps were acquired from three positions: (1) at the inner radius, that is at 2 mm from the outer edge (i.e.) ; (2)
at the center of the sample, that is at 1 mm from the outer edge, and (3) at outer edge. Therefore, for the torsion sample there
are three areas of investigation, corresponding to three different finite shear strains and shear strain rates. Three maps were
acquired in each area (with different map sizes and acquisition set up). The shear strain y was calculated as y = (6D/21),
where 0 is the angular displacement, D the sample diameter and / the sample length. To allow comparison with samples

deformed in uniaxial compression, the equivalent strain rate ¢ was calculated as € = y/+/3 , where ¥ is the shear strain rate.

Likewise, the equivalent stress ¢ was calculated as ¢ = 7v/3, where 7 is the shear stress (see Paterson and Olgaard, 2000;

Demouchy et al., 2012).

2.2 Crystallographic orientation measurements and treatments
2.2.1 Acquisition

Olivine crystallographic orientation was obtained by EBSD with the CamScan X500FE CrystalProbe at Geosciences
Montpellier (University of Montpellier, France). Exposed sample surfaces were partially coated with 2-5 nm of carbon,
leaving a central uncoated window for EBSD mapping. The typical 1-inch epoxy plug was subsequently surrounded and
partially covered by copper-carbon tape to improve conductivity and electron discharging in the sample chamber. This is a
requirement for achieving high spatial resolution mapping on semi-conductive material such as fine-grained silicates. The
beam acceleration voltage was 17-17.5 kV, beam current 10 nA and working distance 24-25.1 mm. We used a binning of
4x4 for the EBSD camera (1/16 of the original resolution of the CCD camera) avoid charging effect for acquisition with a
fine step size (<0.2 um). Olivine, diopside, enstatite and Cr-spinel were acquired during mapping. EBSD data were recorded
and cleaned using the HKL Aztec and Channel 5 softwares and further treated with ATEX software (Beausir and
Fundenberger, 2017) to determine dislocation and disclination densities. The theoretical framework for disclinations
detection and quantification is already fully detailed in Beausir and Fressengeas (2013), Cordier et al., (2014) and

Fressengeas and Beausir, (2018) and will not be reproduced in full here, only the basic principles is recalled below.
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The noise reduction of raw data is partially performed using Channel 5-Tango (Oxford Instruments HKL) software and
finalized using ATEX software (Beausir and Fundenberger, 2017) and can also be done using MTEX (Matlab tool box, see
Hielscher & Schaeben, 2008; Bachmann et al., 2010). The treatment consists of (1) removing the wild spikes defined as
pixels with a misorientation of > 1° to at least seven neighbors ; (2) isolated non-indexed pixel and clusters of up to three
non-indexed pixels are nullified, (3) orientations are filtered with a Kuwahara filter with two iterations and a maximum angle
of 5°. This non-linear smoothing filter permit adaptive noise reduction and helps identifying subgrain boundary domains ; (4)
internal disorientations > 10° define grain boundaries (displayed in dark green) (NB: 10° was chosen for consistency with
Demouchy et al., 2012 and Thieme et al., 2018, while a value of 15° is usually chosen for data acquired on natural
peridotites displaying millimetric grain size, e.g., Demouchy et al., 2019), and (5) disorientations between 1 and 10° define
subgrain boundaries (displayed as pale grey lines). Finally, the densities of geometrically necessary dislocations, and the
densities of disclinations are solely calculated along the olivine-olivine boundaries. Potential residual enstatites or Cr-spinel

grains are excluded of the data treatment.

2.2.2 Geometrically necessary dislocation densities

The density of geometrically necessary dislocations (GND) is not to be mistaken with the average density of mobile
dislocations used in the Orowan’s equation (p) (see Hirth and Lothe, 1982, Zoller et al., 2021). The later would be the sum of
the GND and the statistically stored dislocations (SSD) which includes loops, dipoles, or multipoles, if they are mobile and
not locked into the crystal (e.g., by impurities). As the SSD are producing a null Burgers vector and do not modify the
curvature of the crystallographic lattice, they cannot be identified with the method used here, while they can be identified
and quantified by transmission electron microscopy. Therefore, GND is, by definition, an imperfect proxy for total mobile
(free) dislocations (cf. Orowan’s equation) producing plastic deformation by dislocation glide. GND can only represent a
fraction of the elastic energy still stored in the crystal lattice after sample quench. In this study as in others (e.g., Cordier et
al., 2014, Wallis et al., 2016; Hansen et al., 2021), we will hypothesize a proportionality relationship between GND density
and the total (average) mobile dislocations density accommodating the strain. While GND and SSD are unambiguously
related (Mughrabi, 2001), recent study in work-hardened two-phase metals (ferrite/bainite) showed that their relationship is
very complex and a function of pre-existent microstructures and increasing strain (e.g., Wang et al., 2022).

Here, the Nye’s tensor (in um™) is calculated and represents the density of Burgers vectors per unit surface. First the

Nye’s tensor is calculated in the map coordinate system as follows,

aij = blt (1)

with b the Burgers vector surface density and ¢ the unit line direction of the corresponding dislocation (screw

dislocation when colinear, edge dislocation when orthogonal to each other). This matrix is then rotated to be placed in the
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crystal frame a;f; denoted by a superscript ‘c’. For simple cubic structure such as metals, having a unique b yields a simple

relation as in metal sciences, but which remain a mere convention. The density is expressed as
1
pa =5 [l @

and with the norm of GND density defines as
[l || = et~ a5 3)

The Nye’s tensor is obtained in pm™' and p. converted in m? (Table S1) by dividing them by the magnitude of the burgers

J

vector b (which is different for each slip system in olivine, e.g., if b =4.764 A for [100] dislocation, then 1 pm™ corresponds
to 2.1 x10'> m2). Here, we chose not to follow this mere convention, and to divide the density by the EBSD map step size
(step) to yield a proper dislocation length per volume unit, which are reported in Table 2 (also given in Table S1).

c
il

step

“)

We recall that only five Nye’s components out of nine can be calculated from the two-dimensional EBSD map

pg = Zi,j

(@12, @13, Ay1, Ay3,and as3), the other four are non-determined components (&4, @5, @31, and as,) of unknown value and
here a value equal to 0 is taken for each of them for the calculation in the crystallographic framework. Subsequently, nine
components in the crystallographic framework (afj ) can be calculated following

Where P is the rotation matrix and P is the transpose of the rotation matrix. Note that the nine resulting components

have the same level of uncertainty.

2.2.3 Disclination detection, densities and display

We recall in Figure 1 how disclination densities are calculated from the elastic rotation field we along (and not across)
a grain boundary. In this example, there are two crystals with orientations given by Euler angles of (0°,0°,0°) and (45°,0°,0°)
and a subgrain (in turquoise blue in fig. 1 into Grain la) is inserted into the top grain with a tilt disorientation of 3° around
the axis e (corresponding to Euler angles (3°; 0,0)). The K§; component of the curvature tensor (i.e., curvature field Kf;) is
derived by one-sided differentiation of the corresponding component of the elastic rotation vector w$ (i.e., the elastic rotation
field), which is illustrated in Fig. 1b, while the curvature field K§, is then derived by the forward differentiation of w$ as
well. Finally, the density of wedge disclinations 033 is derived from the forward differentiation of the curvature fields K¢, and
K¢, (Fressengeas and Beausir, 2018). The resulting pair of positive (color-coded red) and negative (color-coded blue) wedge
disclinations thus forms a dipole, which terminates at the sub-grain boundary reaching the grain boundary and therefore
bridges the discontinuity of 3° in elastic rotation along this interface. To avoid potential artifacts created at grain boundary

steps (e.g., pixelization) and the inherent calculation of the rotation gradients variation on a stepped boundary, disclinations
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are calculated only for portion of straight horizontal or straight vertical grain boundaries (e.g., Fressengeas and Beausir,
2018).

An application of this calculation is shown in Figure 2 for the small section of the starting material EBSD map
(sample CMT16-7), where disorientation gradient pixel per pixel can be seen along olivine grain boundaries. As this scale of
investigation is impractical to compare large EBSD maps, smoothing is applied to ease display and to reach a certain visual
comfort (i.e., compatible with publication format). Smoothing too much strongly affects the displayed width of disclinations
monopoles and dipoles as shown by Figure 2b-e, till the point where it gives the false impression that the disclination is
‘cross-cutting’ the grain boundary. Nonetheless, only non-smoothed data are used for the density calculations (Fig. 2a). A
smoothing factor of 2 was found appropriate to yield the best display of the EBSD maps investigated here.

While the chosen smoothing treatment does not impact disclination densities, the chosen range of disorientation e.g.,
0-1°0-5° or 0 - 10° does impact the output disclination densities. Indeed, as expected a larger disorientation range (0-
10°) yields higher disclination densities than a restrain range (e.g. 0-5°) as it acts as a cut-off. Furthermore, a fine range of
disorientation (0 - 1°) is a necessity to visualize disclinations along sub-grain boundaries, and large range of disorientation
(0-25°) only highlights major disclinations at triple junctions (major subgrain boundaries). The effect of disorientation range
for disclination identification (and thus quantification) is illustrated by Figure 3 on a relatively large olivine grain (6-8 pum),
with cross-cutting subgrain boundaries in the selected area of starting material (CMT16-7, left edge of the original map). A
range of 0 — 10° of disorientation is found appropriate for our samples to best identify the disclination population along the
grain boundaries. This choice is also consistent with the 10° used to define grain boundaries.

Once disclinations are detected, the densities can be calculated, but from a two-dimensional map, only 013, 623 and 633
can be obtained. Nevertheless, we emphasis that to date ATEX is the only software able to provide such quantification. The
average disclination density is noted pg and correspond to the entrywise norm of the respective matrix. As mentioned above,
the maps are only two-dimensional, thus we stress that the entrywise norm is only a partial representation of the ‘true’
disclination density (three non-null components out of nine components), not rotated in the crystal framework. Nevertheless,
the entrywise norms obtained in the sample framework or crystallographic framework yield identical values. As the
crystallographic control on Frank’s vector (®) and its magnitude are still unknown for olivine, in the simplified system
considered here, we take,

0 = €jrikii i (6)

po =/ (013+653+633) (7

We recommend to adjust the scale individually (user-defined mode) for each map first, before choosing a common
user-defined scale. Sample area with very low disclination densities blend in with the colored background. Adjustment and
trade-offs are a necessity to best visualize the treated maps. For our set of maps, the best set up is a range of disorientation 0-

10° (as defined for grain boundary) and a user-defined scale of -0.5 to +0.5 rad.um™ for disclination norms. As for the
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smoothing factor, the choice of auto-scale or user-defined scale (linear or log) does not affect the calculated GND or
disclination densities, only the display is affected.

For EBSD maps which were acquired at step sizes < 0.1 pm (Table 2), pS and py were calculated for the original
step size. Furthermore, the same maps were sampled again and only every second pixel was kept for analysis to reach 0.1 pm
of step size and to permit accurate comparison with the other EBSD maps. Furthermore, the map sample CMT16-13_SII was
sampled again for a step size of 0.2 um to further assess the importance of step size on both p§ and py quantification. At
last, ATEX can generate statistics of GND and DCL (1) per pixel and (2) per grain (one point per grain: oppg). Resulting
densities for a given map are not identical. The average oppg density per map based on average density per grain can be
calculated, but we also provide the median per map. Comparison between average and median densities show that average

density per map overestimate densities compare to median densities (see Table 2).

2.2.4 Numerical estimation of internal elastic energy induced by GND and disclination densities

To further probe the relative roles of dislocations and disclinations in the accommodation of plastic deformation, we will use
the GND and disclination densities, as measured by EBSD, as inputs in two-dimensional Field Dislocation and Disclination
Mechanics (FDDM) simulations previously developed by Fressengeas et al (2011). The field equations (incompatibility
equations, balance of stress equation) are numerically solved with Fast Fourier Transform (FFT) based spectral solvers, and
methodological details can be found in previous studies (Berbenni et al, 2014; Djaka et al, 2017; Berbenni and Taupin,
2018). In the simulations presented later, the FFT grid size is the same as the EBSD map step size. For a given region of
interest selected on a EBSD map, inputs in the simulations will be the orientation of each grain (Euler angles) and the GND
and disclination densities. Elastic coefficients in the olivine crystal frame (Pbnm) are C1111=320.2 GPa, C2222=195.9 GPa,
C3333=233.8 GPa, C2323=63.5 GPa, C1313=76.9 GPa, C1212=78.1 GPa, C1122=67.9 GPa, C1133=70.5 GPa and C2233=78.5 GPa (as
in Cordier et al, 2014). For a selected EBSD map, four different simulations will be run, namely (i) a simulation with no
defect, but with applied axial loading (like the experimental one) to see the effect of crystalline elastic anisotropy on the
distribution of energy, (ii) a simulation with only GND densities and no loading, (iii) a simulation with only disclination
densities and no loading, and (iv) a simulation with both GND and disclination densities and no loading. In the simulations
with no loading, all stress components are imposed to be null macroscopically (only one component is assigned to a very
small value to ensure convergence of the spectral algorithm). Periodic boundary conditions are present in all directions due
to the use of Fourier transforms. As such, care is to be taken in the analysis of the simulated mechanical fields distribution,
one should rather consider fields in the center of the simulation domains and not those near the map boundaries.
Nevertheless, the predicted mechanical fields allow here to investigate qualitatively the concurrent role of GND and
disclination densities in accommodating plastic deformation of olivine. From initial dislocation/disclination inputs, the
FDDM simulations will give here as outputs the elastic strains and rotations, the internal stresses (Cauchy stress tensor), the

elastic curvatures and the local elastic energy density in the microstructure modeled. Note that FDDM can further be used to
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simulate the transport of defect densities during plastic straining. In this preliminary FDDM analysis, we will compare the
distributions of the internal elastic energy for the four cases mentioned above, to evidence the interplay between disclinations

and dislocations.

3 Results

3.1 Microstructures

We compile below the statistical results from the new EBSD investigation; it is a complement from previous studies
(Demouchy et al., 2012; Thieme et al., 2018), not a duplicate. Forward scattered electron images representative of the
starting material (CMT16-7), samples from uniaxial compression at 1000 °C (CMT17-2), from uniaxial compression at 1200
°C (CMT16-9) and from torsion experiment at 1200 °C (PI0546) are presented in Figure 4. All samples are composed of
olivine at 99.8 %, enstatite and Cr-spinel only represent < 0.2 % in the studied area. Grains are sub-equant; the average
olivine grain size is homogeneous trough the data set and range from 1.3 to 2.7 um. The mean aspect ratio is 1.4-1.5 and
maximum aspect ratios are up to ~ 3.0. Grain boundaries are curved and/or serrated and only a hint for grain boundary
migration is observed (i.e. grain growth at the expense of the most highly misoriented neighboring grains), which is also
observed in the starting material (CMT16-7, Fig. 4a). Few grains show residual internal micro-cracks oriented at 60 ° to each
other, that are also present in the starting material and which are attributed to thermal cracking during rapid quench. Indeed,
there is no significant displacement or sliding along these cracks. A low fraction of porosity (2-5 %) is apparent in Figure 4,
which is mostly inherited from the notorious imperfect hot-pressing at 300 MPa even for very fine grain size of olivine (e.g.,
Beeman and Kohlstedt, 1993; Zimmerman and Kohlstedt, 2004; Demouchy et al., 2014; Hansen et al., 2012; Warren and

Hirth, 2006). The initial low porosity is also overestimated because of grains plucking during the polishing stages.

The conditions of the deformation experiments and mechanical results are recalled in Table 1, while the new acquisition
indexation rate, step size, number of identified grains, average grain size, p§ and pg for each of the 19 EBSD maps are given

in Table 2. The indexation rates for our EBSD maps are at least 90.9 % and up to 97.9%.

3.2 GND and disclinations identification and their densities

An example of GND identification and distribution in the crystallographic frame is provided in Figure 5 for sample
P10456- X1V (full map displayed). Dislocation types in the crystallographic framework (afj) and corresponding olivine slip
systems ([uvw](hkl)) are both indicated in the figure. The correspondence is recalled in Table 3, but only for the main slip
systems in olivine (see further details in Mussi et al., 2014). GND distribution is heterogeneous and as expected, the highest
densities are observed along well-developed sub-grain boundaries, but with a mixed character, made of both [100] and [001]
dislocations. From the full data set, the average oppg GND density ranges between 2.25 x10!! m? and 5.28 x10!! m?2 (Table

2 for 0.1 um step size). One of the minimal dislocation densities is found for the starting material which is 2.6 x10'! m2. The
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same distribution is found when comparing median values (Table 2). The highest density is observed in a sample deformed
at low temperature and high stress (1000 °C, sample CMT17-2). Note that the minimum dislocation density from all maps
(0.1 pm step size) is 2.0 x10'° m? in average. Furthermore, average af ; densities are rather similar to as ; (Table S1). The
GND densities do not clearly vary between samples deformed in uniaxial compression or in torsion with comparable
stresses, finite strains and number of grains (Table 2). The most deformed sample at 1000 °C (CMT17-2) has a higher GND
density than the most deformed sample at 1200 °C (CMT16-9) for similar strain rate (~1x10” s'), and both have higher
GND densities than the starting material (Table 2).

From the same sample (PI0456-XIV), typical disclination type and spatial distribution are shown in Figure 6.
Disclination monopoles and dipoles are located along grain boundaries, and with a distinctive occurrence at junction
between a sub-grain boundary and a grain boundary (black arrows in Figures 3 and 6). Furthermore, disclinations are also
found at the intracrystalline tip of subgrain boundaries (pink arrows) as shown in both the starting material (Fig. 3) and in
experimentally deformed samples. We show another example in Figure 7, but for a larger range of disorientation for
disclinations detection. For a distinctive range of disorientation (e.g., 0.1° or 0-5°), disclinations can occur as strings of
monopoles along subgrain boundaries (Fig. 3b). Overall, through the data set, the oppg disclination density ranges from 7.3
x 10310 6.5 x 102 to rad um? (Table 2). As for GNDs, there is no clear variation (increase or decrease) between samples
deformed in uniaxial compression or in torsion with comparable stresses. However, the most deformed sample at 1000 °C
(CMT17-2) has a higher disclination density than the most deformed sample at 1200 °C (CMT16-9) for similar strain rate
(~1 x107° s, but only by a factor of 1.4.

3.3 Impact of step size

For both GNDs and disclinations, a special attention was given to the impact of step size for accurate comparison
while keeping step size small enough (< 0.1 pm) for accurate detection of variation of the disorientation gradient along grain
boundaries. The effect of the step size on the resulting GND and disclination densities is shown in Figure 8. As expected,
both GND and disclination densities are strongly dependent on the spatial resolution of the EBSD map. Here GND and
disclination distributions are shown for sampling at a larger step size of 0.1 and 0.2 um. The maps are displayed here with a
fixed user-defined scale (i.e., -0.5 to +0.5 um™ for GND and -0.5 to +0.5 rad.um? for disclination). We selected to show o,
corresponding to edge [001](100) dislocations as an example here, but similar decrease in dislocation density is observed for
af j (cf. Table S1). Disclination 633 is chosen again for the illustration of the acquisition step size impact. Doubling the step
size twice (from 0.05 to 0.2 um) results in a decrease by a factor 4 for p§ and a drastic decrease by a factor 16 for pg as
reported in Table 2 and displayed in Figure 9. The decrease is not linear, clearly showing the necessity of very fine step size
(£ 0.1 um) compared to the commonly used 0.25-1.0 um step size (even with high angular resolution EBSD e.g., Wallis et
al., 2016; 2017). This result also illustrates the difficult trade-off between spatial resolution (< 0.1 um) and the final size of

the EBSD map to properly characterize a sample with a sound statistical meaning.
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3.4 GND distribution and grain size

While the average grain size is small (2 um) and relatively homogeneous across the data set, we tentatively explore the
relationship between the GND population and the grain size for this limited grain size range (0.2-20 um). The oppg GND
densities in olivine as a function of grain size is displayed in Figure 10a for four maps (all for a step size of 0.1 pm) from the
starting material (CTM16-7), the sample deformed in axial compression at low temperature (1000 °C) and highest stress
(CMT17-2), the sample deformed in axial compression at high temperature (1200 °C) and highest strain (CMT16-9) and for
one sample deformed in torsion for the largest maps (P10546-111, over 770 grains). The corresponding data set is given in
Tables S1. The data are scattered and do not show a distinct correlation between oppg GND densities and grain size.
However, the average oppg GND density in the starting material is lower (2.6 x10!! m?) than in the deformed sample in
compression (CMT17-2 SlI-sample, 5.3 x10'' m?and CMT16-9 Sll-sample, 3.6 x10'! m?) or in the deformed sample in
torsion (P10546-I11 sample, 3.9 x10'! m?). The difference in oppg GND density is less than one order of magnitude, though
it approaches a substantial factor 2. Furthermore, if GND densities are normalized to the grain size, a negative correlation is
found, as shown in Figure 10b (following y=x), it is not suggesting that GND are mostly present in small grains but reflect
heterogeneity in the GND distribution, especially in the large grain and thus a dilution effect. For the four samples
considered in Figure 10a,b, we further show the distributions of the average GND density per grain in Figure 10c (for a fixed
number of bins of 50, whatever the number of grains), which demonstrates a distribution close to a log normal one, and
which indicates that the use of a median value instead of a crude average from average per grain would be preferable (see
Table 2 and Table S1 for numerical values comparison).

While the extracted densities permit to explore limited statistical parameters, one of the complementary approaches
is also to compare dislocation distributions in maps visually. Does one can see in the maps the dislocation density difference
observed in average and median densities between the low and high temperature deformation in axial compression? We
illustrate the answer with in Figure 11, which shows two ways to display the GND norm. Fig. 11a and b are identical and
Figures 11c and 11d are also identical. Only the color scale is different; in blue, we used the classic color scale ‘Jet” of
Matlab (rainbow, starting with blue, with a smoothing factor of 2), also used for typically for KAM maps and in green a log
scale (linear green in ATEX, with a smoothing factor of 1). A higher density in GND and more grains with numerous GNDs
for the sample deformed at lower temperature are visible in Figure 11, confirming the veracity of value extracted from the
map (Table 2). Furthermore, one can easily differentiate two populations of GND with the green color scale while they
remain very subtle using the classic blue color scale. A major one (white arrows), defining, as expected, the well-defined
subgrain boundaries, but also a second population, widespread (e.g., dashed black circle), not homogeneous but practically
ubiquitous, defining an almost polygonal structure similar to the one observed during dynamic recrystallization (Fig. 11).
High temperature sample still displays GND-poor small grains while in the sample deformed at low temperature, even small

grains have high GND densities. Even if GND are a mere proxy for average mobile dislocation, in this specific case and
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qualitatively, the method remains discriminant and in agreement with Orowan’s law. Although, the reliability of the

numerical densities remains to be examined.

3.5 Disclination distribution and grain size

Since disclinations are distributed along grain boundaries or at subgrains, correlations between the oppg disclination
densities and grain size is expected. To further assess the role of grain boundary network (or grain size) in disclination
abundance, oppg disclination density is shown as a function of grain size or grain perimeter in Figure 12a, and demonstrates
a negative correlation (following y=x"'+b). Furthermore, disclination densities are normalized to the perimeter (for a
hypothetical spherical grain of diameter D with equal area than the given grain) of each grain (thus in um™) as a function of
the grain perimeter. The results is provided in Figure 12b to compare small and large grains. The oppg disclination densities
is again inversely correlated to grain perimeter for the four samples already selected for Figure 10. A linear least square fit
through the log-log data for each sample yields a relationship with the starting material. The latter displays an oppg
normalized disclination density f{x) = x 8 x 109, slightly lower than for the three deformed sample for similar perimeters
range. Moreover, the global fit through the three oppg deformed sample sets, yields a distribution following f{(x) = x2 x 107!,
This first approximation emphasizes the predominant occurrence of disclinations along boundaries in the smallest grains,
even in the absence of noticeable dynamic recrystallization in this very fine-grained olivine aggregates (cf., Thieme, et al.,
2018). This result also shows a noticeable difference between the oppg disclination density of starting material (in CMT16-7,
median value, py =4.08x103 rad.um?) and of the deformed polycrystalline olivine (in PI0548, py =7.12x1073 rad.um).
However, there is a negligible difference between the results from low and high temperature experiments in compression or
torsion (median values for CMT17-2, py =1.11x10? rad.um?; CMT16-9 pg =7.54x107 rad.um?; PI0548, py =7.12
rad.um?). The inverse correlation thus suggests that small grains would bare more disclination than relatively large grains in

these fined-grain olivine samples, deformed or not deformed.

3.6 GND and Disclination correlation

GND are usually seen as an indicator of the ductile deformation experienced by a polycrystalline material assuming that
dislocation motion is the dominating parameter controlling creep and that a proportionality between GND and SSD is
established (cf. Orowan's law, Hirth and Lothe, 1982; Wang et al., 2022). Since disclinations are also 1-dimentional defects
accommodating strain, and that we are now able to detect and quantify them, it is legitimate to question the respective role of
these two types of defects (dislocations and disclinations) in the production of the strain and crystalline misorientation. Thus,
we compare the GND and disclination densities both normalized to grain size for sample PI-0546, in Figure 13. Since in
these deformation experiments, GND densities are not strongly dependent on grain size (Figure 10a, b), the resulting positive

correlation is mostly driven by the grain size dependence of disclination densities (Fig. 12). We remind that the average
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grain size in our samples is rather small (2-3 pm), thus such correlation would need to be confirmed by studying a wider

range of range sizes and if possible, up to geological relevant olivine grain size (2-10 mm).

4 Discussion

4.1 Occurrence of GNDs, comparison with previous studies

The calculation of the Nye’s tensor, followed by the rotation in the crystallographic frame of each grain permits to identify
the type of dislocations composing subgrain boundaries and the results show that, as expected, subgrain boundaries are
mostly built with dislocations of both [100] and [001] Burgers vectors, resulting in a boundary with a mixed character,
(neither perfect twist or tilt) as reported previously (e.g., Cordier et al., 2014; Wallis et al., 2017; Lopez-Sanchez et al.,
2021). Despite the extremely rare to non-presence of [010] dislocation in olivine, here dislocations of the type po;jare
present in the output results, with often a factor 2 of difference as compared to pa‘ijor pa®sj (Table S1). This result is at odds
with decades of TEM investigations, but agrees with other EBSD studies mapping the Nye’s tensor (e.g., dislocations ‘o’ in
Fig. 2c in Cordier et al., 2014 ; dislocations ‘a»;’ in Fig. 1 in Wallis et al., 2016). Here, we suggest that the occurrence of o%;

dislocations is interpreted as mere contributions from a1 and a3 screw dislocations components and not as a proof of the

existence of dislocations with such a long Burgers vector (cf. |E| =10.22 A).

Furthermore, the distribution of the entrywise norm, (Figure 11, see also Figure S1) still permits to infer the
presence of additional GND in-between the array of major GND (cf. subgrain boundaries), but these GND have different
spatial distribution than the well-oriented subgrain boundaries within a given grain. A straightforward comparison of minor
GNDs distribution between the polycrystalline sample deformed at 1000 °C and high stress (1073 MPa, CMT17-2) and the
polycrystalline sample deformed at high temperature and lower stress (322 MPa, sample CMT16-9) for at similar strain rate
(~1. 107 s!) and level of strain (7.3-8.6 %) agrees with what is known from the hardening phenomenon during creep
mechanism at low temperature in olivine (800-1050 °C). At these temperatures, recovery mechanisms (e.g., ionic self-
diffusion, climb) are not efficient enough when compared to high temperature creep (e.g., Raleigh, 1968; Demouchy et al.,
2013, 2014; Mussi et al., 2015; Gouriet et al., 2019). While minor GND populations are now visible, the level of details
provided by high angular EBSD is of course not achieved here (Wallis, et al., 2016, 2017, 2022), in particular the clear
doubling aspect of parallel GND bands having positive and negative signs (e.g., Figure 6 in Wallis et al., 2017; or Figure 5a
in Wallis et al., 2022). Nevertheless, our results still permit to obtain a better resolution and an enriched information when
compared to the classic decoration technique (Kohlstedt, 1976) at a scale larger than conventional TEM investigations. The
spatial resolution permit here to appreciate finer details in GND distribution, but we obtain similar information than from
recent studies from olivine single crystals (e.g., Faul, 2021) deformed at higher temperature (1600 °C). Moreover, the
method reported here (treatment and display set up) represent an improvement when compared to conventional EBSD

mapping and post-data treatment and display (e.g., Demouchy et al., 2014; Thieme et al., 2018, Gasc, et al., 2019).
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4.2 Relationship between disclinations and grain size

We have shown that disclinations are found ubiquitously in each EBSD map, regardless of the finite strain or stress (Table 2)
and, as expected, the calculated disclination densities strongly depends on the EBSD acquisition step size (Fig. 9).
Furthermore, we recommend to always give the step size when disclinations or GND densities quantification are the main
aim. For identification, a step size of 0.1 pum or even less is considered here as a good compromise (map size, spatial
resolution) for detailed maps at the grain scale (10-100 grains). Moreover, for the same step size (0.1 pm), we did not find
that the mechanical strength of olivine is positively correlated to a drastic variation (increase or decrease) of the average
oppg disclination density (Fig. 13). Disclinations and dislocations are correlated (Fig. 13) as they are both the expression of
misorientation that allows to accommodate elastic strain, but this result does not explicitly give the efficiency of disclinations
as a companion accommodation mechanism of the ductile deformation. The most striking feature is the inverse correlation
between the disclination density and the grain size or perimeter (a proxy representing the grain boundary network) as shown
in Fig. 12a which yields a simplified relationship to the grain size as follow,

po ~ md 1x 1071 8)
where d is the grain size (um). Such inverse correlation is common for deformation mechanisms strongly function of the
grain size (grain boundary sliding, diffusion creep), and also found in paloepiezometers (e.g., Gueguen and Darot, 1980). For
example, we recall the relationship reported by Gueguen and Darot (1980) between the dislocation density obtained by
decoration (GND + SSD) and the dislocation walls spacing: p3¢¢® ~ S~97 x 10%163 (their figure 6), which thus shows a
similar dependence between 1-dimentional defect density and a proxy of grain size, but for natural olivine and thus with
larger grain size. Here, unfortunately, we do not have a range of data large enough to investigate the strain rate- or stress-
dependence, but it is still an indication that disclination development is more prominent in very small grains than in larger
grains, where dislocation development would be less favorable (e.g., Miyazaki et al., 2013).

To decipher the potential interaction or relationship between GND and disclination, we surimpose a misorientation
map with disclination density 033 in Figure 14. Three types of disclination contexts (dipole or monopoles) can be identified.
First (yellow arrow), important disclinations at the junction of subgrain boundaries (plotted in pink here for clarity) and grain
boundaries (in dark green). Second (orange arrow), disclinations located along grain boundary in the zone of important
misorientation, in the prolongation of a subgrain boundary in construction, but with a misorientation lower than the 10°
defining subgrain boundaries. Third (red arrow), a type of disclination population, more pervasive located in large grains
with high misorientation but also in small grains (homogeneous pale blue) apparently not associated with significant
variations in the misorientation. This latter observation suggests a precursor role of disclination compared to GND, which
will need to be confirmed by dedicated deformation experiments and high angular EBSD mapping. Nonetheless, these
observations further confirm that disclinations are companion of dislocations in plastically deformed olivine and can allow

rotation of very small crystal volumes in very small olivine grains when dislocation could not be formed yet easily.
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4.3 Elastic energy distribution: GND and disclination interactions

To clarify the potential interactions between GND and disclinations, we now present the FDDM simulation
predictions using the GND and disclination densities obtained from EBSD maps as inputs. The elastic energy distribution in
in the aggregate deformed axially (with 1000 MPa of applied macroscopic compressive stress, as for low temperature
experiments Thieme et al., 2018, Gasc et al., 2019), is shown in Figure 15a. The resulting map shows the mechanical
incompatibilities coming from elastic anisotropy and different olivine crystallographic orientations in grains for a section of
CMTI16 9 (same as in Fig. 14). The stored energy distribution from GND only is shown in Figure 15b, and from
disclinations only in Figure 15c. The energy obtained with both types of defects is finally shown in Figure 15d. GND and
disclinations do not yield the same energy distributions and they also highlight different areas of the sample aggregate. The
GND energy majorly appears concentrated in a few grains around a larger grain size, with a maximum of 400 J/m?, while the
disclination energy is generally more diffuse in the aggregate, with a few “hotspots” with a maximum around 800 J/m?.
Moreover, when both defects are simultaneously considered, the energy level and then the distribution is logically controlled
by disclinations (Fig. 15d), but several areas display a reduced total energy is reduced (blue arrows in Figure 15d), while in
other areas, the energy builds up (pink arrows in Figure 15d). These maps thus permit to infer rather complex interactions

between GND and disclinations and motivates future analysis.

4.4 Methodological limitations and potential application to natural peridotite specimens

Despite using conventional EBSD and not high-angular resolution EBSD, the treated EBSD maps presented in this
study permit to identify and quantify new populations of defects in olivine (minor GND and disclinations). A logical
improvement would be the combination with high-angular resolution EBSD, based on the transmission Kikuchi diffraction
and simulated electron backscatter pattern combined with digital image correlation (e.g., Britton and Wilkinson, 2011 ;
Wallis et al., 2016). However, for neither of these three techniques, the size of EBSD maps (e.g., 500 x 500 um) which can
be acquired and treated is far smaller than the size of a regular petrological section (e.g., 45 x 30 mm). It also requires
significant acquisition time (often >10 h) and generates a large octet size (>>20 Mo). Therefore, the methodology reported in
this study must be seen as a complementary technique to locally decipher mechanisms of deformation since it is not
statistically as powerful as than conventional EBSD maps on regular rock section (> 500 grains of mm size). However, this
technical limitation is nevertheless going to be improved with increasing calculation capacity and decreasing data acquisition
time. Another limitation is the exactness of the output values. Since we have only 5 components out of 9 in the Nye’s tensor
only, thus the GND, and the disclination densities (3 components) are only a partial (¢ minima) density and will never be
absolute values. Thus, potential strain evaluation or stress (after application of Hooke’s law) extracted from such data are
only partial values related to the local elastic energy which are poorly related to what is happening at macroscale (e.g.,
stress-strain curve of deformed centimetric sample). Each treated EBSD map must then be interpreted with care when

compared to each other or regarding its mechanical data.
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5 Conclusions

In this paper we report GND and disclination densities in deformed polycrystalline olivine from a broad range of
experimental conditions. Based on the new dataset, we find that (1) GND form subgrain boundaries of mixed character, but
also a secondary pervasive network, (2) the disclination monopoles and dipoles are observed along grain boundaries in non-
deformed and deformed samples, and (3) disclination densities appear independent of bulk stress, or strain, or even
temperature of deformation. Nevertheless, (4) the disclination density is inversely correlated to grains size, suggesting that
the action of disclinations compensate the lack of dislocation motions in the smallest grains; (5) detailed observation of
selected arecas of EBSD maps suggest that disclinations could act as precursor of GND during the formation of
misorientations and (6) could also interact with GND. At last, our results support that disclinations act as a plastic

deformation mechanism, by allowing rotation of a very small crystal volume.
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Figure 1: Sketch illustrating an example of calculation of the wedge disclination 033 along a grain boundary. (a) Two grains with
orientations given by Euler angles (grain 1) 45°,0°,0° and (grain 2) 0°,0°,0°, which define a pure tilt grain boundary of
misorientation > 5° A subgrain is inserted within grain 2 with a disorientation of 3 ° around axis e; ; (b) the field of
K$; component of the curvature tensor is derived by one-sided differentiation of field of w§ component of the elastic rotation

695 vector; (c) the field of K§,component of the curvature tensor is derived by forward differentiation of w§ ; (d) The density of
wedge disclinations 033 is derived from forward differentiation of the field of K§; and K§,components of the curvature tensor.
Redrawn after Fressengeas & Beausir (2018, their Figure 2). NB: densities are her not yet normalized by the step size, see main
text for details.
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705  Figure 2 Comparison of wedge disclination densities 033 with different smoothing factors of 0, 1, 2, 3 and 4,for selected area (top

left corner) of the starting material map (sample CMT16-7). A user-defined scale was used here; the step size was 0.1 pm and
disorientation for disclination detection was 0-10°.
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Figure 3 Comparison of wedge disclination densities 033 with different range of disorientation for disclination detection for selected
area (left edge) of the starting material map (sample CMT16-7). A user-defined scale was used here; the step size was 0.1 pm and
smoothing factor=2. Black arrows indicate disclination at triple junctions or grain boundary/sub-grain boundaries junctions and
the pink arrows indicate disclination at the intragranular tip of sub-grain boundaries.
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b) Axial compression
1000 °C

Figure 4 Forward scattered electron images from scanning electron microscopy (SEM). (a) typical image from starting material,
undeformed but sintered aggregate by hot-pressing at high temperature and pressure (sample CMT16-7); (b) after axial
compression at 1000 °C and for 7.3 % of finite strain (CMT17-2); (c) after axial compression at 1200 °C and for 8.6 % of finite
strain (CMT16-9); (d) after torsion at 1200 °C and for 2.05 % of equivalent strain (PI0546). Dark areas are plug outs from
polishing and residual pores from hot-press step, see main text for details.
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765 Figure 5 Representative distribution of the different GND reported in the crystallographic frame in the sample deformed in

torsion (PI0546-XIV). The density scale is automatically set up for this set of maps; the step size was 0.07 pm (original acquisition
step size) and smoothing factor=2 was used.
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Figure 6 Representative distribution of the different disclinations (03, 0,3, and 033) reported in a sample deformed in torsion
(P10546-X1V). The density scale is user-defined for this set of maps; the step size was 0.07 pm and a smoothing factor=2 was used.
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Figure 7 Comparison of wedge disclination densities 033 with different range of disorientation for the full EBSD map from a
sampled deformed in axial compression (sample CMT16-12, 1200 °C, low strain ~1%) centered on a large olivine grain. A user-
defined scale was used here; the step size was 0.06 pm and smoothing factor=2. Black arrows indicate disclination at triple
junctions or grain boundary/sub-grain boundaries junctions, and the pink arrows indicate disclination at the intragranular tip of
sub-grain boundaries.
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Figure 8 Representative distribution of GND (a‘3;) and disclinations (033) for different values of step size: 0.05 pm (original step

835  size), 0.1 pm (new sampling) and 0.2 pm (new sampling) in a sample deformed in axial compression (CMT16-13-SII, 1200 °C, low
strain ~3.7%) centered on a large olivine grain. The density scale is user-defined and the same for this set of maps; for both GND
and disclinations a smoothing factor=2 was used.
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Figure 10 (a) Representative distribution of oppg GND density as a function of the grain size in the starting material (CMT16-7),
in two samples deformed in axial compression (low temperature CMT17-2 and at high temperature CMT16-9-SII) and in a sample
deformed in torsion (P10546-III). The step size was 0.1 pm (original acquisition step size). Also shown is the average oppg GND
density for each sample as a large symbol; (b) Same samples as in (a), but with density normalized to the grain size. It permits to
identify a bias, small grains have more GND than large grain since the GND distribution is particularly heterogenous in large
grain with the formation of subgrain boundaries, The dash dark blue line is a guide for the eye with y=x"'; (c) same samples as in
(a), distribution of oppg GND density as histogram, showing a distribution close to log normal and thus the relative validity of the
median of the distribution as compared to the average of the distribution.
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Figure 11 Representative distribution of the different entrywise norm of GND (major and minor, see main text for details) with
two different display strategy. (a) and (b) from a sample deformed in compression at high temperature and low stress (CMT16-9)
and (c) and (d) at low temperature and high stress (CMT17-2). In (a) and (c), the jet color scale was used with a is linear user-
defined scale and a smoothing factor=2; in (b) and (d) the ‘linear green’ color scale was used with a is log user-defined log scale
and a smoothing factor=1. The step size was 0.1 pm.
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Figure 12 (a) Distribution of oppg disclination densities as a function of the grain size (hollow symbol) or grain perimeter (full
symbol) in the starting material (CMT16-7), in two samples deformed in axial compression (low temperature CMT17-2 and at
high temperature CMT16-9-SII) and in a sample deformed in torsion (P10546-11I). The step size was 0.1 um (original acquisition
step size). The dash dark blue line is a guide for the eye with a y=x" function. (b) Distribution of oppg disclination densities
normalized to the grain perimeter, as a function of the grain perimeter in the starting material (CMT16-7), in two samples
deformed in axial compression (low temperature CMT17-2 and at high temperature CMT16-9-SII) and in a sample deformed in
torsion compression (P10546-111). Also shown is the least-squared fit through each sample data set and the equation of the fit. See
main text for details. The step size was 0.1 pm (original acquisition step size).
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905 normalized to the grains size for sample P10546-I11. The data points are color coded according to the associated grain size. The
step size was 0.1 pm (original acquisition step size). The dash dark blue line is a guide for the eye with 1:1 slope.

34



W

Misorientation scale

0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15°
033 Disclination density scale

05 04 03 02 01 0 01 02 03 0.4 0.5 pm-2
— Non-indexed pixel Disclination at triple junction (gb + subgb)
—— Grain boundary (> 10°) —» Disclination precursor of triple junction (<2°)

—— Subgrain boundary (2-10°) —3> Disclination linked to very small bending

910
Figure 14 (a) Misorientation maps in sample CMT16-9 (extracted in the full map) surimposed on the disclination density map (033
only). Misorientation in each grain is relative to gravity center. (b) further enlargement of the map in Fig. 14a but for different
levels of overlay to show the relationship between misorientation from GND and misorientation from disclinations. Three
populations of disclinations are identified (yellow, orange and ref arrows). See main text for details.
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Figure 15 Maps resulting from field dislocation and disclination mechanics (FDDM) simulations of a section of sample CMT16-9
(a) after axial compression (1000 MPa), designed to reveal mechanical incompatibilities from crystallographic orientation in
adjacent olivine grains; (b) with no compression, designed to reveal the action of GND only on internal elastic energy; (c) or
disclination only on internal elastic energy; or (d) both GND and disclination on internal elastic energy.
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935
Tables and table captions

Table 1 Experimental parameters and mechanical results for the selected deformation experiments investigated by EBSD in this

940 study. Original deformation curves (stress-strain) are reported in Demouchy et al. (2012) and Thieme et al., (2018). Uncertainties
on T are up to =2 °C, 20 MPa for stress, and negligible for strain and strain rate (<1%). NB: * denotes an EBSD map centered on
a relatively large grain, thus with a low number of grains.

Sample Temperature Finite strain Equivalent strain rate Diff. stress
T (°C) ey (%) &y (sh c (MPa)
Starting material (hot-pressed)
CMT16-7 SII 1200 0 0 0
Deformation in axial compression

CMT16-6 SIII 1000 0.11 1.9x10° 80

CMT16-8 SV 1000 1.07 3.3x10° 684
CMT16-8 SVI 1000 1.07 3.3x10° 684
CMT17-2 SI 1000 7.3 1.1x10° 1073
CMT16-12 SIII* 1200 0.88 7.2x10° 150
CMT16-13 SIT* 1200 3.68 1.0x10° 313
CMT16-13 SIII 1200 3.68 1.0x10° 313
CMT16-13 SIV 1200 3.68 1.0x10° 313
CMT16-9 SII 1200 8.59 1.0x10° 322

Deformation in torsion

P10546 111 1200 1.79 3.6x10° 248
P10546 VII 1200 1.79 3.6x10° 264
PI10546 XVII 1200 1.79 3.6x10° 264
P10546 V 1200 2.05 4.1x107 264
P10546 VIII 1200 2.05 4.1x107 264
P10546 XVI 1200 2.05 4.1x107 264
P10546 IX 1200 2.31 4.6x107 264
PI10546 XIV* 1200 2.31 4.6x107 264
P10546 XVIII 1200 2.31 4.6x107 264
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950

Table 2 For the studied EBSD maps, we report the indexation rate after data treatment, the original step size and subsequent re-
step size (italicized), the number of detected grains, the average grain size, the calculated partial GND dislocation densities We
provide the average of grain density and the median grain density for a;; .The average for each ajand 6; per grain are given in
955 supplementary material in Table S1. Roman numbers identify individual EBSD maps acquired on the same sample (‘S’ stand for
small area maps). Average grain sizes are calculated as the diameter of a circle with equivalent area. Maps from samples deformed
in torsion are taken at three different positions and hence with increasing strains.

Sample Indexation rate Step size (um) Nb. grains Av. grain PO Mo POy - Moj -
(%) size (um)* Average GND Median Average Median
density GND density Disclination Disclination

(m?) (m?) density density

(rad.um™) (rad.um™)
Starting material (hot-pressed)
CMT16-7 SII 97.2 0.1 231 2.038 2.56x10! 1.47x10" 9.82x10° 4.08.x107
Deformation in axial compression
CMT16-6 SIII 96.1 0.1 385 1.621 4.84x10" 2.88x10"! 3.33x102 1.22x102
CMT16-8 SV 95.8 0.1 120 2.088 4.05x10" 2.46x10"! 1.54x107 6.42.x10°
CMT16-8 SVI 95.9 0.07 105 1.792 3.28x101! 2.69x10"! 2.52x10° 8.67.x10°
0.1 id. id. 230x10"! 1.89x10" 1.77x10° 6.07.x10°
CMT17-2 SI 0.1 82 2.44 5.28x101! 3.55x10"! 2.24x107? 1.11.x102
CMT16-12 SIIT* 96.4 0.06 48 1.762 4.50x10"! 3.49x10"! 6.51x10? 8.58.x10°
0.1 id. id. 2.71x10" 2.10x10"! 3.99x102 6.28.x10°
CMT16-13 SII* 94.9 0.05 45 1.376 5.64x10"! 3.85x10"! 4.02x10? 9.01x10°
0.1 id. id. 2.82x10"! 1.93x10" 1.01x102 2.25.x10°
0.2 id. id. 1.41x10" 9.63x10'0 2.51x107 5.63x10*
CMT!16-13 SIII 96.1 0.1 298 1.651 4.16x10" 2.76x10"! 2.95x107 1.17x107
CMT16-13 SIV 95.6 0.1 121 1.744 3.89x10'! 2.81x10"! 2.61x10? 9.56x10°
CMT16-9 SII 97.2 0.1 315 2.008 3.58x101! 2.23x10"! 2.25x107 7.54.x10°
Deformation in torsion

PI0546 IIT 90.9 0.1 772 1.648 3.67x10" 2.73x10" 2.00x10 7.12 %103
PI0546 VII 95.9 0.1 285 21 3.45x10"! 2.54x10" 1.86x10° 7.37x10°
PI0546 XVII 97.4 0.07 179 2.16 3.33x10"! 2.57x10" 3.35%107 9.64x10°
0.1 id. id. 2.25x10" 1.83x10"! 1.64x107 2.47x107
PI0S46 V 94.9 0.062 189 2.003 3.93x10"! 2.64x10" 1.96x10? 6.92x10°
0.1 id. id. 237x10" 1.50x10"" 7.53%10° 2.66x107
PI0546 VI 96.8 0.1 276 2.672 3.05%10"! 2.28x10!! 1.47x10? 5.18x10°
PI0546 XVI 97.6 0.07 185 1.895 3.37x10" 2.40x10" 2.69x10? 5.98x10°
0.1 id. id. 2.35x10" 1.61x10" 1.32x102 2.93x107
PI0546 IX 97.1 0.1 277 2395 2.88x10"! 2.25x10" 1.25x102 5.45%10°
P10546 XIV* 95.9 0.07 42 2.098 3.65%10"! 2.64x10" 3.89x102 4.73x10°
0.1 id. id. 2.55x10' 1.85x10"" 1.91x102 2.32x107
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P10546 XVIII 97.9 0.07 170 2.566 3.78101" 2 02x10" 1.92x102 4.46x10°

0.1 id. id. 2.64x10" 1.41x10" 9.41x107 2.19x1073

Table 3. Dislocation type, corresponding slip systems and GND in the crystallographic frame (a%).

960
Dislocation type Main slip systems in olivine GND notation

Screw [100] o1
Edge [100](010) o1z
Ed 100](001 ¢

065 ge [100](001) a3
Edge [001](100) 31
Edge [001](010) ‘32
Screw [001] a3z

970

975

980

985

990
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Supplementary Online Material:

995
Supplementary Excel file with Table S1: Compilation of the average oppg o, pa; and 0; densities for each EBSD maps with
their original stepsize or re-sampled stepsize.

Supplementary Figure S1: Compilation of the entrywise norm maps for all samples and the tripplet 0;3 0,3 and 633 maps for all
(000  sample.
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