
Les solides déformables



Administrative

• Me 13 novembre 10:15-12:00 test bonus

• 2 problèmes

• 10 questions à choix multiple (voir livre 
Hecht)
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mercredi, 18 septembre 2013 administrative, unités math intro exos
lundi, 23 septembre 2013 Mouvement rectiligne, vitesse, accélération. 

Math: dérivé
Mouvement rectiligne, vitesse, accélération. 
Math: dérivé

mercredi, 25 septembre 2013 math: vecteurs
lundi, 30 septembre 2013 mouvement en 2D. Balistique, mouvement 

circulaire.

mercredi, 2 octobre 2013 Les lois de Newton
lundi, 7 octobre 2013 Forces, problèmes. Travail, énergie, puissance.

mercredi, 9 octobre 2013 travail, énergie, puissance.
lundi, 14 octobre 2013 1.Système de particules. Fusée, collisions, 

quantité de mouvement

mercredi, 16 octobre 2013 Rotations autour d’un axe fixe
lundi, 21 octobre 2013 Rotations autour d’un axe fixe : moment d’inertie

mercredi, 23 octobre 2013 gravitation universelle
lundi, 28 octobre 2013 Les solides. Elasticité, déformations 10

mercredi, 30 octobre 2013
lundi, 4 novembre 2013 Hydrodinamique, capillarité, tension superficielle, 

equation de continuité, Théorème de Bernoulli. 
Force de viscosité dans un fluide réel. 
Ecoulements laminaires et turbulents.

11

mercredi, 6 novembre 2013
lundi, 11 novembre 2013 Oscillations et ondes 12

mercredi, 13 novembre 2013
lundi, 18 novembre 2013 Propriétés thermiques de la matière 14

mercredi, 20 novembre 2013
lundi, 25 novembre 2013 Chaleur et énergie thermique 15

mercredi, 27 novembre 2013
lundi, 2 décembre 2013 Thermodynamique I 16

mercredi, 4 décembre 2013
lundi, 9 décembre 2013 Thermodynamique II 16

mercredi, 11 décembre 2013
lundi, 16 décembre 2013

mercredi, 18 décembre 2013 recapitulation, Q&R





http://www.marin.edu/~jim/ring/rsubd.html

http://www.marin.edu/~jim/ring/rsubd.html
http://www.marin.edu/~jim/ring/rsubd.html


• atomes et matière

• élasticité

• contraintes 

• déformations

• fatigue, rupture

• déformations simples : traction, 
cisaillement, torsion

• modèle simplistique de l’élasticité



Atomes
• structure crystalline

• mélange

• John Dalton : les éléments se combinent en 
proportions bien définis pour former les 
composés

• 1mole = 6e23 pièce d’atomes (molécules)



La structure et la 
composition 
déterminent les 
propriétés 
macroscopiques

Allotropes de carbon

http://en.wikipedia.org/wiki/Allotropes_of_carbon

http://en.wikipedia.org/wiki/Allotropes_of_carbon
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Etats de la matière

• solide

• liquide

• gazeux 

• plasma



Beaucoup de matériaux se déforment 
proportionnellement à la force appliqué :

La déformation peut être une compression, 
une élongation ou une courbure.

Cette comportement est appelé élasticité

La loi de Hooke

F = ks



Essai de traction

http://aciers.free.fr/index.php/2009/02/19/lessai-de-traction/

(s)

(F)

http://aciers.free.fr/index.php/2009/02/19/lessai-de-traction/
http://aciers.free.fr/index.php/2009/02/19/lessai-de-traction/


Compression uniaxiale



σ = F
A

Compression uniaxiale

ε = dl
L

F
dl

L
σ = Eε

Module de Young

[E] = N
m2 = Pa

contrainte 

déformation 



Une tige d’acier de construction, de longueur 
5 m, porte une charge juste suffisant pour la 
déformer de façon plastique. Sachant que la 
limite d’élasticité de cet acier est 250 MPa en 
tension, de combien la tige s’allonge-t-elle?



Cisaillement
F

σ = F
AB

γ = ΔL
L σ = µγ

Module de cisaillement



Torsion

φ = τ 2L
πc4µ



Compression isotropique

F
S
= −B ΔV

V

Module de 
compressibilité



∼60% weakening following the peak stress. In contrast, at low
temperatures (≤1,273 K), the specimens kept strain hardening.
At the highest temperatures (>1,500 K), no appreciable strain
weakening was observed up to shear strains of γ ∼3.0 (GA270/1).
We compare our data for olivine–orthopyroxene aggregates at

1,473 K (Fig. 1) with three previous studies that have explored
large strain deformation of polycrystalline olivine, one in nearly
simple-shear geometry (22) and two in torsional geometry (23,
24). Overall, we see that the peak strength of our olivine–
orthopyroxene mixture is comparable to pure, but dry, Fo90 ol-
ivine aggregates deformed at 1,473 K and similar strain rates
(∼10−4·s−1). Previous studies on Fo90 olivine show between 0%
and 15% weakening after the peak flow stress was reached

(22, 23), whereas Fo50 shows up to ∼50 weakening (24). To be
clear, strain weakening does not necessarily suggest localization
occurred, and can happen via a range of mechanisms but is
generally associated with an overall reduction in grain size.
To investigate how strain weakening occurred in our samples,

we conducted microstructural observations using the scanning
electron microscope (SEM) and the electron-probe microanalyzer
(EPMA). Additional electron backscatter diffraction (EBSD)
data is presented in Figs. S2 and S3. Fig. 2 shows the SEM images
and element (Si) maps of representative regions of selected
specimens deformed at four temperatures. The hot-pressed
starting materials show near-uniform distribution of orthopyrox-
ene grains among olivine grains with an average grain size
∼ 14 μm, with near-equilibrium grain-boundary morphology and
equant grain shapes (Fig. 2A). However, the deformed micro-
structures for GA265 and GA267, in particular, show a bimodal
grain size distribution characteristic of heterogeneous de-
formation. In contrast, at ∼1,540 K, the sample GA270 mostly
recrystallized homogeneously (Fig. 2 E and J). Dynamic recrys-
tallization is the likely main cause for grain size reduction and
weakening. We do not observe much grain-boundary bulging,
which suggests most recrystallization occurred via subgrain rota-
tion mechanism (25). Grain shape analysis of some orthopyroxene
grains for GA267 suggests plastic strains larger than the average
strain of the sample also occurred (Materials and Methods).
By comparing the backscattered electrons images directly with

the Si element maps (Fig. 2 B–D versus Fig. 2 F–H), we observe
that for all samples the minerals olivine and orthopyroxene
recrystallized, but at different grain sizes. The mixing of recrys-
tallized grains is highlighted in Fig. 2 by yellow regions repre-
senting olivine and the pink regions representing orthopyroxene
(Fig. S4). The extent of recrystallization depends on temperature
and strain, where GA265, GA267, and GA270 have recrystal-
lized to ∼13%, ∼28%, and ∼71%, respectively (Fig. S5). In the
mixed-phase regions of specimens GA265 and GA267, the
recrystallized grain size of olivine is somewhat larger than that of
orthopyroxene by 10–30%, and the average recrystallized grain
size is systematically smaller than the recrystallized grain size of
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Fig. 1. Shear stress–shear strain curves for deformation at constant strain
rate on a select number of key experiments. The colored curves correspond
to current experiments and are labeled by run number and temperature.
The gray curves correspond to deformation of olivine polycrystals at 1,473 K
and similar strain rates carried out in nearly simple shear geometry (Zh00,
Fo90, dashed curve) (22) and in torsional geometry [By00, Fo90, dotted curve
(23) and Ha12, Fo50, dash-dotted curve (24)]. In this study, peak flow stresses
were achieved at 1,373 K and higher temperatures.
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Fig. 2. Backscattered electron images and microprobe Si element maps showing a hot-pressed microstructure (A) and deformation microstructures at a series
of temperatures: 1,273 K (B), 1,373 K (C), 1,473 K (D), and 1,540 K (E). Dark shaded grains are generally orthopyroxene and correspond to the pink shaded
regions in the Si element maps (G–J), whereas the yellow regions correspond to olivine grains. The cartoon in F highlights the principle behind re-
crystallization and mixing of new grains under an applied shear strain. Recrystallized grain size, d0, typically increases with stress as described by a paleo-
piezometer (26).
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Role of orthopyroxene in rheological weakening of the
lithosphere via dynamic recrystallization
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For plate tectonics to operate on a terrestrial planet, the surface
layer (the lithosphere) must have a modest strength (Earth, ≤200
MPa), but a standard strength profile based on olivine far exceeds
this threshold value. Consequently, it is essential to identify mech-
anisms that reduce the strength of the lithosphere on Earth. Here
we report results of high-strain laboratory deformation experi-
ments on a representative olivine–orthopyroxene composition
that show the addition of orthopyroxene substantially reduces
the strength in the ductile regime within a certain temperature
window. The reduction in strength is associated with the forma-
tion of small orthopyroxene and olivine grains. Our samples show
heterogeneous microstructures similar to those observed in natu-
ral peridotites in shear zones: fine-grained regions containing both
orthopyroxene and olivine that form interconnected bands where
a large fraction of strain is accommodated. A model is developed
to apply these results to geological conditions. Such a model, com-
bined with our experimental observations, suggests that ortho-
pyroxene may play a key role in the plastic deformation of the
lithosphere in a critical temperature range, leading to long-term
weakening associated with strain localization in the lithosphere.

rheology | two-phase | Zener pinning | deformation mechanisms |
electron probe microanalysis

Plate tectonic style of convection is characterized by regions of
localized deformation, such as subduction zones, and the

origin of these regions needs to be investigated to understand
why plate tectonics operates on Earth. Localized deformation at
plate boundaries involves not only brittle fracture at shallow
portions but also localized deformation in the ductile shear zones
(1–4). Although the basic processes of localized deformation in
the brittle regime are well understood (5, 6), mechanisms of
localized deformation in the ductile regime remain elusive. The
strength profile of the lithosphere in a standard model (7) pre-
dicts stresses that are much higher than the critical strength
below which plate tectonic style of convection would occur (8, 9).
Among the possible mechanisms of shear localization (10),

grain size reduction is most often recognized in ductile shear
zones and has been given particular attention in previous studies
(11–15). Grain size reduction can occur during high-temperature
deformation by dynamic recrystallization during dislocation
creep (16, 17). In many cases, small grains are formed along
preexisting grain boundaries (18). If the degree of grain-size
reduction is large enough and these fine-grained regions are
connected, then regions of small grain size will be deformed by
grain-size–sensitive creep processes—diffusion creep or disloca-
tion creep accommodated by grain-boundary sliding (Dis-GBS)
introduced by Hirth and Kohlstedt (1995) (19). Deformation in
both regimes results in the weakening of a rock, although less so
in the Dis-GBS regime. In addition, for this weakening to cause
substantial shear localization, the influence of grain growth must
be minimal. Pinning of grain boundaries by a second phase is an
obvious possibility, and therefore it is essential to understand the
microstructural development during deformation of multi-
phase rocks. One of the key observations in naturally deformed
peridotitic rocks in shear zones is the association of degree of
mixing with localization: well-developed shear zones (mylonites,

ultramylonites) are in most cases comprised of a well-mixed min-
eralogy with smaller grain size and larger volume fraction of
secondary phases (3).
Previous theoretical studies have addressed various shear lo-

calization processes (20, 21). However, experimental studies are
essential to make further progress in this area because the es-
sence of shear localization is the development of heterogeneous
microstructure that is difficult to be captured by theoretical
studies. In this article, we describe experimental observations
on the microstructural development and mechanical behavior
of olivine + orthopyroxene aggregates, and we present a theo-
retical model to interpret the results and extrapolate them to
geological conditions.
Using a Griggs apparatus, we conducted deformation experi-

ments on hot-pressed olivine (75%) and orthopyroxene (25%)
aggregates in nearly simple-shear geometry at pressures between
1.3 and 2.0 GPa and temperatures between 1,173 and 1,540 K
(Fig. 1). Deformation is nearly simple shear because the sample
is oriented on the plane in the direction of maximum shear stress
(Fig. S1). However, because of the presence of a compressive
stress normal to the sample plane, there is always a small (<20%)
contribution from axial compression. We deformed samples to
shear strains of 0.7–3.0 at constant displacement rates equivalent
to strain rates between 3.5 × 10−5 and 2.3 × 10−4·s−1 (Methods
Summary and Materials and Methods).
In experiments at intermediate temperatures (1,373–1,500 K),

we observed a progressive increase in shear stress τ followed by
strain weakening (Fig. 1). Upon termination of the experiments,
we observe at 1,373 K ∼38% weakening and observe at 1,473 K

Significance

The theory of plate tectonics is well established for Earth;
however, why it operates is less well known. Here we propose
that the deformation of a realistic two-phase aggregate (oliv-
ine and orthopyroxene) contributes to the rheological weak-
ening and localization in the lower lithosphere and upper
mantle. In particular, in a certain temperature range, the ex-
perimentally deformed aggregates show substantial weaken-
ing and the partitioning of strain in fine-grained regions
composed of both olivine and orthopyroxene, possibly gov-
erned by grain-boundary pinning effects. However, at higher
temperatures, the polyphase aggregates deform more homo-
geneously and are subject to less weakening. Using a model,
we predict the conditions under which localized deformation
may occur in the Earth.

Author contributions: R.J.M.F. and S.-i.K. designed research; R.J.M.F. and Z.C. performed
research; S.-i.K. contributed new reagents/analytic tools; R.J.M.F. analyzed data; and
R.J.M.F. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1Present address: Bayerisches Geoinstitut, Universität Bayreuth, 95440 Bayreuth,
Germany.

2To whom correspondence should be addressed. E-mail: robert.farla@uni-bayreuth.de.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1218335110/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1218335110 PNAS | October 8, 2013 | vol. 110 | no. 41 | 16355–16360

EA
RT

H,
A
TM

O
SP

HE
RI
C,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S

Farla et al., PNAS | October 8, 2013 | vol. 110 | no. 
41 | 16355–16360



Potentiel intératomique, énergie de 
liaison, position d’équilibre
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Module de Young
Rappelons que le module de Young est le constante qui lie élongation 
et contrainte. Dans notre modèle où les atomes sont liés les uns à 
l’autre par des ressorts de constant k, cela s’écrit pour une réseau 
simple :    

σ = 1
a2 kx⇒  EYoung ≈

2EL

a3

a

a

direction 
de traction 

La corrélation entre module de 
Young et énergie de sublimation est 
observé dans les matériaux. Voir p. 44 
de livre Des matériaux, de Jean-Paul 
Baïlon et Jean-Marie Dorlot, Presses 
internationales Polytechniques, 2000.

En prenant EL=1eV et a=1Å on 
trouve EYoung=300 GPa



Contrainte de rupture 
théorique

La force agissant entre les atomes est égala à la 
dérivé de l’énergie. La force est maximale lorsque la 
distance intératomique est augmentée par 30 à 50 
%. En prolongeant l’approximation harmonique 
jusqu'à 30%, on obtient σmax=EYoung/3. C’est trop 
élevée par rapport aux contraintes de rupture 
réelles.
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Image qualitative du coefficient 
de dilatation thermique
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