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Volterra’s distorsions

Vito Volterra (1860-1940)

. a . Vito Volterra, Sur I'équilibre des corps élastiques
Italian mathematician and physicist

multiplement connexes, 1907



The concept of dislocations
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Shearing crystals
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Elementary amount of
shear: the Burgers vector



Dislocations: important parameters

b
e Elementary amount of shear: ¥
the Burgers vector
L
* Dislocation line orientation \\

(local)

Dislocation

e Slip plane: contains L and b




Dislocations: the far field

Crystal
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Dislocations: the far field

Elasticity theory
e Screw dislocation
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Dislocations: the far field

* Elasticity theory

* Edge dislocation [ (1-2v i
R = b (-2v) sinfInr + sind +0cos0
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Dislocations: the far field

* Elasticity theory
* Edge dislocation

YBx’+yY) x(x'-y?)
(x*+y5) (P +y?)?
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Volterra dislocations: the far field

Crystal

Dislocation
0

ub f(6)
X
2T 1

Slip plane
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Dislocations: the displacement field

* Mixed dislocation (general case)
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Dislocations: observations

* Transmission electron microscopy

Dark Field




Dislocations: observations

* Transmission electron microscopy

Weak-Beam Dark Field




Dislocations: observations

* Transmission electron microscopy

Olivine deformed at 900°C — Sample courtesy S. Demouchy



Dislocations: observations

 Electron Chanelling Contrast Imaging

(ECCI) in the SEM
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Dislocations: observations

» X-ray diffraction peak broadening
analysis (strain anisotropy)

1.2 4
[ , | S2084 (cold compression)
—— 52996 (1 minute)
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Shear deformation of forsterite — Couvy et al. (2004) Eur. J. Mineral.



Dislocations: observations

e X-ray diffraction peak broadening
analysis (strain anisotropy)
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Cordier, Ungar, Zsoldos & Tichy (2004) Nature 428, 837-840



Volterra dislocations: the core

Crystal
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The Original Manuscript of the Peierls Dislocation Model*
(kindly made available by E, Orowan)

1940

THE SI1ZE OF A DISLOCATION
By R. PEIERLS, The Univessity, Birmingham
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Modeling dislocations using the
Peierls-Nabarro model

Region a
*Compression

/ 'Elasticity

Intermediate region (disregistry)

‘ *Non-linear
ePlanar !

==

Region b
eDilation

*FElasticity




Modeling dislocations using the
Peierls-Nabarro model

1
_fwx X'
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Sinusoidal
(assumed !)
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Modeling dislocations using the
Peierls-Nabarro model

K +0 1
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,’;ﬂ»}’p so =~ Generalised Stacking Faults (GSF)

T Can be calculated ab initio



Modeling dislocations using the
Peierls-Nabarro model

Crystal

Dislocation
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Slip plane
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Testing the Peierls-Nabarro model: SrTiO,

(100){010} a=3.9054A a=552A (110){110}
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SrTiO,: generalyzed stacking faults

(100){010}  (100){011}  (110){001}  (110){110}
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SrTiO,: generalyzed stacking faults

(100){010}  (100){011}  (110){001}  (110){170}
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Testing the Peierls-Nabarro model: SrTiO,

Comparison with HRTEM images
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The Peierls-Nabarro model: lattice friction

Analytical model: Joos & Duesberry (1997)

Dimensionless parameter: " = ¢/d

Two cases:

‘; ~ ([!

33
. max —
- Narrow cores N<<1 op(I" < 1) 3 4 s

!

Kb —2n
- Wide coreslm >>1 op(I'> 1) = TC.\p —— -



SrTiO4: lattice friction

(100){010}  (100){011}  (110){001}

Edge (GPa)
0.6 0.6 1.2
Screw (GPa)

0.7 9.9 0.9

(110){110}

0.004
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When the core structure determines the glide
plane

Dislocation core spreading
makes glide easier in this plane

Dislocation line with core spreading



When the core structure determines the glide
plane

But glide will be more difficult
in another plane !

Dislocation line



"Predicting” slip systems in MgO

B1 cubic crystal structure (space group Fm3m)
Rock-salt (NaCl) structure.

Lattice parameter is about 4.21 A




"Predicting” slip systems in MgO

600
¢ Appel & Wielke 1984
B W Barthel 1984
'_(U\ =0 L " O Co:;u: & Pask 1965
Q u <> Hulse et al. 1963
400 A Hulse & Pask 1960
E - < Sato & Sumino 1980
. o ¥V Sinha et al. 1973
¢ 300} .
CDI:) 200 " 14<110>{100}
]
O "
100 g SO0y o T
0 o i e e db 0 asmaa® a8 |
0 500 1000 1500 2000

Temperature (K)



“Predicting” slip systems in MgO with the
Peierls-Nabarro model
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“Predicting” slip systems in MgO with the
Peierls-Nabarro Galerkin model

\k.

Inelastic\

Elastic C. Denoual (CEA-DAM)



“Predicting” slip systems in MgO with th

Peierls-Nabarro Galerkin model
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“Predicting” slip systems in MgO with the
Peierls-Nabarro Galerkin model
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(Mg,¢)O in the mantle

Pressure, GPa

0.8
garnet
0.6

0.4

post-perovskite

Volume fraction

wadsleyite

0.2

uppermantle| TZ | lower mantle

0 300 600 900 1200 1500 1800 2100 2400 2700
Depth, km



Predicting slip systems in MgO with the Peierls-
Nabarro Galerkin model

0 GPa 60 GPa 100 GPa




Predicting slip systems in MgO with the Peierls-
Nabarro Galerkin model
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Predicting slip systems in MgO with the Peierls-
Nabarro Galerkin model
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Experimental evidence

J. Immoor et al. / Earth and Planetary Science
Letters 489 (2018) 251-257
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Beyond core spreading: dissociation

Stacking
fault

Crystal

Dislocation

> U Slip plane
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Ringwoodite (Mg,SiO,)

Pressure, GPa
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Ringwoodite: generalyzed stacking faults

E (J/m?)

Ringwoodite (20 GPa)
(110) plane 12 ¢

10

Easy shear path along the }4[-110] direction

Defines the Burgers vector Ritterbex et al. (2015)



Ringwoodite: generalyzed stacking faults

Ringwoodite (20 GPa)
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Easy shear path along the 74[-110] direction

Ritterbex et al. (2015)



Ringwoodite: dissociated dislocations

% <110>{111} 1/21105{110)
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Wadsleyite (Mg,SiO,)

Pressure, GPa
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Wadsleyite (Mg,SiO,)

[100] glide: the shortest lattice repeat (5.5 A) E. Thurel PhD thesis

(100)(010

HOH £

J L -} >' T
0 ‘; ;| (i
-1.I '.{ i ;. 5o h r' '-l r‘ ’-n{-

b

Fig. 13 [100] didocations gliding in (010), Some [0 dislocations
ghiding in (101) can be ween through ther residual contrast. Weak-
beam dark fHield g: 303

Easiest slip system

mmms At T ® [100](010) screw



WadS|ey|te (Mg2SIO4) E. Thurel PhD thesis

Wadsleyite deformed at 18 GPa - 1600°C

%<111>{101} (7.5 A)
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Wadsleyite I\/I928i04w

[010] dislocations: the largest lattice repeat (11.5 A)

BISLOCATION CORES IN CRYSTALS WITH LARGE UNLT CELLS

F.R.N. Habarro
Doparessat of Fhysies, Uslva
Johanneaburg, South Afriea.

ty of the Witwatararend,

Rfiusd - Do mallle eristslline peut Btre grasds dims
G, 1, 2 o= 3 direcclons, st peus dsre difinis come
petite, allemgés, receeurel ou grande. Les proprietés
mécaniques, ot en parciewlier, la strecters de cosur dos
dislocaticas dépendest dea forces aussi biem qoe de la
lomgueur des lisimons da=a les trois direccioms princi=
pales, 5i mows ne distispoond que les cetégeries sourcel
longus et forte/faible, nous trouvoss D0 catdgaTies
eriscallines plastigu Des gxespled d& quelguts-unes
de ean cavdgories sont discutdes et la largeur oC Las
comtraintes da Fa § & quelques-wmes de lours didlo=
cationg sont conpidérées. Les dédfawcey 4'eopilesest ot
les dislocations partielled cospliquenc 1'snalyss.
Li'influence dep lisiscni courtd/lsague er forte/faibls
war la stabdlicd des dislocatised ereu &k sur |
rubes de corrosion ast sxaminds, et cercalm problizes
conearnant les dislocatioms de croisesnca et les Cobes
de corrodlem sont mentionsde.

Abseracet = & eryatal esll may b= large in O, 1, 2 or §
directicas, so Ekar {v say be described as gmall, pre-
ohlate of lafge. The sechimical progperties, snd
in partleular the dislocatice structure.depand on Ehe
serengrha as well as the lemgths of tha boads in the
theas primeipal directions, If we discisguish only the
clamses storr/losg and stromg/weak, we find 30 plastic
erystal clasasa. Exseples of sope of thess classes are
fiscussed, and the widthe and Peiesle sceesses of some
of their dismlocatisas are consldered. Seseking faslts
and partial dislsescions complicate the snalysis. The
influsnce of shovt/long aml atrong/vesk boods on Che
stability of hollow dislecations amd etch Tubes is ewa-
minad,and some problems concernieg growih dislocaticas
and ateh eBubes are mentioned,

Acta Cryst. (1951). 4, 497

497

Capillary Equilibria of Dislocated Crystals
By F. C. Fraxx
H. H. Wills Physical Laboratory, University of Bristol, England
(Received 2 November 1950)

simple crystalline solids, but is likel

It is shown that a dislocation whose Burgers vector exceeds a critical value, of the order of magnitude
104, is only in oquulnbmm-uhunmpty tube at ita core. This is not the case in metals or other
to be the case in protein crystals, which therefore, unfortu-

nately, do not provide good models of simple crystalline substances in respeet of dislocations. The
same causes generally give rise to a dimple or crater whero a dislocation meots & freo surface, and
the shape of this crater is calculated. Though shallow in form, it is infinitely deep excopt at a habit.
face of & crystal, whero it is of finite depth and may be totally absent.

1. The equilibrium of open-cored dislocations

Tt will be shown that for a dislocation of large Burgers
wvector® there exisis a state of equilibrium in which the
core of the dislocation is an empty tubs. We shall find,
however, that this is not tho case for the elementary
dislocations of a typical metal or simple ionic crystal;
but it may be so for substances with large unit cells, of
the order of 10A. or more, e.g. some silicates. Tt will
assuredly be the case in protein crystals.

For simplicity we consider the case of a scrow dis.
location in a material with isotropic elastic constants.
Strain-energy densities are of similar magnitude at
similar distances from dislocations of other orientation
and in materials of naturally occurring degrees of
anisotropy in their clastic behaviour. Let thers be an
empty cylinder of radius r, the dislocation line lying in
the cylinder. Then the shear strain at the surface of the
cylinder is b/2nr, where b is the modulus of the Burgers
wvector. There is consequently a strain-energy density
here of ub?8n%r®, where  is the rigidity modulus.

Suppose that a shell of material of thickness dr
ovaporates from this cylinder and deposits elsewhere,
on a surface of the material whose radius of curvature is
negligibly large. The interior cylindrical surface is thus
enlarged. If y is lhe -pomﬂc surface free energy of the

* The Burgers vector is the name we
(1939) u]lni the ‘strength’ of & stvn:nwﬂ:ummmm:
parallel 1o the dislocation lins in a *screw ' and normal to it in

substance, the total increase in free energy per unit
length of cylinder is

dF =2mydr — (ub*/8n%%) 2mrdr. )
There is an equilibrium when dF/dr is zoro, i.c. when
o i 8%y, (2)

Now, empirically the rigidities and surface energies of
substances tend to vary in a parallel manner so that
y/p is very roughly a constant length (cf. Table 1),
a typical value being say }A. In consequence r is less
than 1 A, unless b exceods 4-5A. The implied assump-
tion of linear elasticity is then invalid. Ifb wero as large
as 100A., as would be appropriate in protein crystals,
this objection would disappear, and we may conclude
that the typical dislocation in such a crystal would, in
oquilibrium, have a bollow core of the order of 1000A.
in diameter. This brings the unfortunate conclusion
that these erystals, the ones in which we can most
casily see the constituent parts, do not furnish satis-
factory analogues of simpler crystals with regard to
dislocations.

Let us now make an approximate allowance for the
non-linear elastic behaviour. Wo shall assume that
stress is rolated to strain by Hooke's law up to a strain
of 0-1 and thereafter is constant (as in Figs. 1 (ii) and
2 (ii)). The strain-energy density is

an *edgo’ dislocation, theso being only particalar cascs of the b8t (,;w,,};}
situstion. A Jo account of the geometry and 3)
et Goide of Silosation fo given by Cottrsll uunk’ #b/20mr —puf200  (r < Bbjm).
Table 1. Approzimate rigidities and surface energies of solids
Rigidit,
b Surface energy
” 7 /K
Substance {10% erg cm.~%) (erg om. %) (10 cm.) Roferenco
Copper 4 1400 on Dl ot (1840
e v 1 Shittloworth (100
- 0 Mackonzio it
dagen 18 @ o Oahnuh-m:u(’ mlm i
ica. 80 4500 (i vacus) o086 breimol (1
900 {in a2 005 Orowan (1633)



Wadsleyite (Mg,SiO,)

[010] dislocations: the largest lattice repeat (11.5 A)

Peierls model of the edge [010](100) dislocation
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Wadsleyite (Mg,SiO,)

[010] dislocations: the largest lattice repeat (11.5 A)

Wadsleyite deformed at 17 GPa - 1500°C
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Wadsleyite (Mg,Si0,)

[010] dislocations: the largest lattice repeat (11.5 A)




Wadsleyite (Mg,Si0,)

[010] dislocations: the largest lattice repeat (11.5 A)
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G arn ets Experimental deformation: 6.5 GPa, 1100 °C

Experimental deformation: 6.5 GPa, 900 °C

<100> dislocations

0.5 pm

V. Voegelé et al. Physics of the Earth and Planetary Interiors
108 (1998) 305-318




Garnets

Eclogites from the Alps

0.1 ym

V. Voegelé et al. Physics of the Earth and Planetary Interiors 108 (1998) 319-338



Garnets

Eclogites from the Alps




Garnets

Eclogites from the Alps

st
V. Voegelé et al. Physics of the Earth and Planetary Interiors 108 (1998) 319-338
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Abstr act

Arecent paper devoted to unusual fine-scale tubular tunnels found in pyrope and almandine garnets
sugges!ed that the 5 to 100 pm diameter tunnels were produced by an endolithic organism that is able to

and penetrate i perhaps in search of nutrients. The hypothesized microbial

boring of the garnets was based on thedini rg  of endolithic remains in the tunnels, but boring alone does

not adequately explain the linear, highly aligned or

occasionally branched tunnels that have been imaged.

‘We have prepared this short Letter, in the spirit of Occam’s Razor, to highlight the very probable role that

dlslocauons play in the creation of such tunnels by
The ical features of the tuns
tion substructures that have been observed in natus

etching of a di
nels possess all the characteristics of classical disloca-
ral and synthetic garnets.

Keywords: Garnets, dislocations, etching, tunnels

Introduction

tures and the intri red in pyrop
and ine garnets (Ivarsson et al. 2018).

The intricate and beautiful X-ray d ic im-
ages recently published by Ivarsson et al. (2018) contain clear
evidence of highly aligned parallel tunnels that originate at the
mineral surface and extend into the interior, see, for example,
Figure 1. These tunnels form highly regular miniature palisades
in some regions; in others, they exist as more chaotic branched
networks with kinks and junctions with uniquely prescribed
angles. The networks of curvilinear, branching, and anastomos-

ing (i tunnels were i as evidence that
these tunnels are independent of crysta].lography, !hus provndmg
an indirect ion for the authors’ hyp:

tunneling (Ivarsson etal. 2018). this i

Disl ocationsin gar nets

The relationship between dislocations and plasticity in garnets is
well established. Synthetic garnets of technological interest such as
Y,ALO,; (YAG, yttrium aluminum garnet), Y:Fe;O,, (YIG, yttrium
iron garnet), and Gd;GasO,, (GGG, gadolinium gallium garnet) were
first studied by Rabler and co]leagues (Rabler etal. 1976a; Rabier
1979) and h: plastic p d to other ox-
ide crystals (Garemetal. 1982; Rﬂ]ner and Garem 1984 Blumenthal
and Phillips 1996). Likewise, the resistance to plastic deformation in
natural garnets is signil greater than that of most other minerals

completely misses the striking geometric similarities between the
tunnels in lhese lomog'mphlc images and published observations
and in both natural
and synthetic gamels [see. for example, Rabier (1995, 1979); Ra-
bier et al. (1976a, 1981); Garem et al. (1982); Rabier and Garem

of the Earth’s mantle (Karato et al. 1995 Voegelé et al. 1998a). This
is related to the very large Burgers vectors of dislocations in garnets
and to a “corrugated” oxygen sublattice, which promotes very high
atomic-level friction stresses on moving dislocations.

The description of the garnet structure in terms of coordination

(1984); Allen et al. (1987); Karato et al. (1995); and
Phillips (1996); Voegel€ et al. (1998a, 1998b)].

As is well known, dislocations are prominent in virtually all
crystalline materials. Dislocation generation, multiplication, and
motion are widely recognized as a common deformation response
of crystalline materials to externally applied shear stresses and have
been extensively observed and characterized in metals and alloys,
minerals, ceramics, and semiconductors. The absence of disloca-
tions in the pyrope and ine garnets under di: ion, if true,
would be remarkable.

Here, we briefly review and discuss dislocations in garnets, tun-
nel formation due to abiogenic etching of dislocations in minerals,
and the similarities between the geometry of dislocation substruc-

*+ E-mail: hemker@jhu.edu. Orcid 0000-0002-5008-2222

OL: hitps://doi.org/10.21

polyhedra, in the mi ical literature, has proven to
be very useful in understanding dislocation properties in synthetic
garnets (Rabier et al. 1976b). The garnet structure can be regarded
as a body-centered cubic (bec) lattice with a very large unit cell. The
edge of the bee unit cell is of order 1.2 nm, whereas most common
‘minerals have considerably smaller unit cells. Thus, the magnitude
of the smallest perfect unit Burgers vector, b= Y<111>, is about
1.0 nm. This results in a very large strain energy, proportional to Gb*
per unit length of dislocation (G is the elastic shear modulus). The
strain energy of a dislocation can be lowered by spreadmg ofi 1ts core
and by dissociation of the parent dislocation into partial di

that bound a planar stacking fault. The dissociated configuration
is glissile as long as it remains on the glide plane, but it becomes
sessile when reconfigured off of the glide plane (Garem et al. 1982;
Blumenthal and Phillips 1996).

1026

V. Voegelé€ et al. Physics of the Earth and Planetary Interiors 108 (1998) 319-338

Fig. 17. Eclogite from Yakutia pipe. Hollow core. Bright field. g:
400.
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Abstr act

A-recent paper devoted to unusual fine-scale tubular tunnels found in pyrope and almandine garnets
suggested that the 5 to 100 pm diameter tunnels were produced by an endolithic organism that is able to
chemically dissolve and penetrate the mineral, perhaps in search of nutrients. The hypothesized microbial
boring of the garnets was based on thedini g of endolithic remains in the tunnels, but boring alone does
not adequately explain the linear, highly aligned or occasionally branched tunnels that have been imaged.
We have prepared this short Letter, in the spirit of Occam’s Razor, to highlight the very probable role that

dislocations play in the creation of such tunnels by

microstructure. The geometrical features of the tunnels pe

preferential etching of a dislocation-rich deformation
ss all the characteristics of classical disloca-

tion substructures that have been observed in natural and synthetic garnets.
Keywords: Garnets, dislocations, etching, tunnels

Introduction

tures and the intricate tunnels and networks observed in these pyrope
and ine garnets (Ivarsson et al. 2018).

The intricate and beautiful X-ray ic im-
ages recently published by Ivarsson et al. (2018) contain clear
evidence of highly aligned parallel tunnels that originate at the
mineral surface and extend into the interior, see, for example,
Figure 1. These tunnels form highly regular miniature palisades
in some regions; in others, they exist as more chaotic branched
networks with kinks and junctions with uniquely prescribed
angles. The networks of curvilinear, branching, and anastomos-

ing (i ) tunnels were i as evidence that
these tunnels are independent of crystallography, thus providing
an indirect ion for the authors” hyp is of bi it

tunneling (Ivarsson et al. 2018). Unfortunately, this interpretation
completely misses the striking geometric similarities between the
tunnels in these tomographic images and published observations
and ing of dislocati i in both natural
and synthetic garnets [see, for example, Rabier (1995, 1979); Ra-
bier et al. (1976a, 1981); Garem et al. (1982); Rabier and Garem

Disl ocationsin gar nets

‘The relationship between dislocations and plasticity in gamets is
well established. Synthetic garnets of technological interest such as
Y.ALO,, (YAG, yttrium aluminum garnet), YsFe:O, (YIG, yttrium
iron garnet), and Gd:Gas;O,, (GGG, gadolinium gallium garnet) were
first studied by Rabier and colleagues (Rabier et al. 1976a; Rabier
1979)and h ional plastic properties compared to other ox-
ide crystals (Garem et al. 1982; Rabier and Garem 1984; Blumenthal
and Phillips 1996). Likewise, the resistance to plastic deformation in
natural garets is significantly greater than that of most other minerals
of the Earth’s mantle (Karato et al. 1995 Voegelé et al. 1998a). This
is related to the very large Burgers vectors of dislocations in gamets
and to a “corrugated” oxygen sublattice, which promotes very high
atomic-level friction stresses on moving dislocations.

The description of the garnet structure in terms of coordination

(1984); Allen et al. (1987); Karato et al. (1995); and
Phillips (1996); Voegel€ et al. (1998a, 1998b)].

As is well known, dislocations are prominent in virtually all
crystalline materials. Dislocation generation, multiplication, and
motion are widely recognized as a common deformation response
of crystalline materials to externally applied shear stresses and have
been extensively observed and characterized in metals and alloys,
‘minerals, ceramics, and semiconductors. The absence of disloca-
tions in the pyrope and almandine gamets under discussion, if true,
would be remarkable.

Here, we briefly review and discuss dislocations in garnets, tun-
nel formation due to abiogenic etching of dislocations in minerals,
and the similarities between the geometry of dislocation substruc-

* E-mail: hemker@jhu.edu. Orcid 0000-0002-5008-2222

$05.00/DOL: hitps://doi.org/10.21. 202

polyhedra, s in the literature, has proven to
be very useful in understanding dislocation properties in synthetic
gamets (Rabier et al. 1976b). The garnet structure can be regarded
as a body-centered cubic (bec) lattice with a very large unit cell. The
edge of the bee unit cell is of order 1.2 nm, whereas most common
minerals have considerably smaller unit cells. Thus, the magnitude
of the smallest perfect unit Burgers vector, b= %2<111>, is about
1.0nm. This results in a very large strain energy, proportional to Gb?
per unit length of dislocation (G is the elastic shear modulus). The
strain energy of a dislocation can be lowered by spreading of ts core
and by dissociation of the parent di ion into partial di i
that bound a planar stacking fault. The dissociated configuration
i glissile as long as it remains on the glide plane, but it becomes
sessile when reconfigured off of the glide plane (Garem et al. 1982;
Blumenthal and Phillips 1996).
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Modelling dislocations at the atomic scale

Slab

Quadrupole




Modeling dislocations in bridgmanite at 30 GPa
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Modeling lattice friction
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Lattice friction in bridgmanite: influence of P
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GEOPHYSICS

Shear deformation of bridgmanite
and magnesiowUstite aggregates at
lower mantle conditions

Jennifer Girard, George Amulele,* Robert Farla,t

Anwar Mohiuddin, Shun-ichiro Karato}

Rheological properties of the lower mantle have strong influence on the dynamics and evolution
of Earth. By using the improved methods of quantitative deformation experiments at high
pressures and temperatures, we deformed a mixture of bridgmanite and magnesiowdstite
under the shallow lower mantle conditions. We conducted experiments up to about 100% strain
at astrain rate of about 3 x 10~° second~". We found that bridgmanite is substantially stronger

than magnesiowdistite and that

largely the strain. Our results

suggest that strain weakening and resultant shear localization likely occur in the lower mantle.
This would explain the preservation of long-lived geochemical reservoirs and the lack of seismic
anisotropy in the majority of the lower mantle except the boundary layers.

i6 large, rocky lower mantle is mostly
composed of (Mg,Fe)SOs bridgmanite (~70%)

Mg.Fe)O magnesiowiistite (~20%) (and
afew percent of calcium perovskite CaSOq)

The main difficulties include the controlled
generation of stress (or strain rate) and reliable
measurements of stress and strain under the
high-pressure and -temperature conditions [eg.,

27 GPa
2130 K

Experiments under lower mantle conditions

SEM on deformed sample

pamma 25

2 .
1)]. Many of Earth's geochemical and | (6)]. Consequently, previous studies on plastic 12 = be m}:\mﬂo -

geophysical questions depend strongly on the | deformation of lower mantle minerals were ei- "“_? osOwustite

rheological properties of materialsin thisregion. | ther performed at high pressures and low tem- gamma 24

For instance, geochemical observations suggest | peratures (7-10), at high pressures and high 10 ® Dbridgmanite

that the lower mantle hosts alarge amount of | temperatures without stress-strain rate control "‘\9_?_"““'9*\-'“".

incompatible elements working as a reservoir of | (11), or on analog materials at low pressures (12-14). T gamma J4

these elements (2, 3). Thedegree of preservation | Applying low-temperature experimentsto Earth’'s « bridgmani

of these reservoirs is controlled by the nature | interior is difficult because rheological proper- 8 Magnesowustite

of mixing or stirring of materials (4, 5), which
strongly depends on the rheological properties of

tiesarehighly sensitiveto temperature. Also the
mechanisms by which deformation occurs are

Equivalent stress (GPa)

beta 74
=  bodgmanite

materials in this region. However, very littleis | sensitivetotemperatureand strain rate, creating [ magnesowustite
aurrently known about the rheological proper- | extrapolation issues for both low-temperature
tiesof materialsin thelower mantlebecauseof | and poorly controlled strain-rate (stress) measure-
thedifficultiesin quantitative experimental studies | ments[e.g., (15)]. Furthermore, microstructural
of deformation under the conditionsof thelower | evolution often leads to strain-dependent rheo- 4
mantle. logical behavior, which is particularly important
for a sample containing two materials with a
Department of Geology and Geophysics, Yale University, New large strength contrast (16). The lower mantle 2
Haven, CT, USA approximates a two-phase mixture (bridgmanite

*Present address: Department of Earth and Planetary Sciences,

and magnesiowdistite) with presumably a large -
e e e, | strength contrast [eg. (13, 7, 18], and therefore . 1 .
1 author. Email: sh large strain (>30%) experiments are essential to <

40 60 80

sciencemag.org SCIENCE

Rotational Drickamer apparatus

Equivalont strain (%)

Girard et al. (2016) Science Synchrotron: rheological data

Yamazaki & Karato (2001)



Dislocations in perovskites

Edge dislocations

MgSiO; [110],

Hirel et al. Scripta Mat (2016)



Dislocations in perovskites

Edge dislocations

SrTiO, [110]

Hirel et al. Scripta Mat (2016)
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journal

Surprising Results of a Study on the Plasticity in Strontium Titanate

Dieter Brunner, Shahram Taen-Baghbadrani, Wilfried Sigle. and Manfred Riihle*
Max-Planck-Institut fiir Metallforschung, D-70174 Stuttgart, Germany
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SrTiO4 high temperature: climb dissociation

Edge dislocations
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MgSiO, high temperature: climb dissociation

Edge dislocations

MgSiO; [110],

Hirel et al. Scripta Mat (2016)



Climb dissociation in perovskite
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Lattice friction in MgSiO4 bridgmanite
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Post-perovskite (MgSiO,)

Pressure, GPa
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Post-perovskite (MgSiO,)

gubductia,
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ost-perovskite (MgSiO,

Glide plane



Post-perovskite (MgSiO;) S

[100] glide: the shortest lattice repeat (2.456 A)
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Post-perovskite (MgSiO,)

[100] glide: the shortest lattice repeat (2.456 A)

Screw dislocation




Post-perovskite (MgSiO,) -
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Post-perovskite (MgSiO,)
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Post-perovskite (MgSiO,)

% [110] glide: the 2" shortest lattice repeat (4.2 A)

%[110](110) edge dislocation K

AL ¥
a % (110] } (110)

1.2
= ]
= 06 JL .
0 . S 7

6 <10 5 0 S5 10 15 20 25 30 35 40 45 50 55 60 65 70

Iy

[110)

(001]



Post-perovskite (MgSiO,)

%[110] glide: the 2" shortest lattice repeat (4.2 A)

% [110](110) edge dislocation
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Post-perovskite (MgSiO,)
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Notes and thoughts

* Dislocations are two-fold
* Far-field: elasticity
* Near field: atomic configurations

* The dislocation cores control the mobility

* In materials with complex crystal chemistry (and sometimes low symmetries)
dislocation cores can exhibit various configurations

* Great progress have been made on the modeling side

* Observations are needed
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