Criticality and avalanches at the yielding
transition of amorphous solids

Ezequiel Ferrero
Centro Atómico Bariloche

Jean-Louis Barrat, Kirsten Martens, Alexandre Nicolas, Chen Liu, Kamran
Karimi, Francesco Puosi, Elisabeth Agoritsas, Stefano Zapperi, Eduardo Jagla

SWGM2018, Puerto Varas, December 3rd 2018

Amorphous materials

very diverse systems... but they share common features
Structurally disordered
Solid-like (elastic) behavior below yield stress
Flow under stress bigger than threshold
A. Nicolas, EEF, K. Martens, J.-L. Barrat, Rev. Mod. Phys. 2018 , arXiv:1708.09194

Yield stress systems
Bulk metallic glass
“hard”

E~100 GPa

Soap foam

“soft”

E~100 Pa

steady flow

failure

Herschel-Bulkley law

Typical stress-strain and flow curves
Sheared foam

Compressed BMG

J. Lauridsen et al. PRL 89 098303 (2002)

J. Antonaglia et al. PRL 112 155501 (2014)
Dinkgreve et al. Jour. of Rheol. 62, 773 (2018)

Castor-oil emulsion
Different droplet sizes

Carbopol gel

In general:

Different internal
volume fractions

“Yielding transition”: a dynamical phase transition between an elastic solid-like state and a plastic
flow state when we overcome a critical yield stress.

Ovarlez et al. PRE 78, 036307 (2008)

Dinkgreve et al. PRE 92, 012305 (2015)

Plastic flow and broadly distributed stress drops
Foams

Granular systems

Bulk metallic glasses

“Yielding transition”

J. Lauridsen et al. PRL 89 098303 (2002)

D. Denisov et al. NatComm 7:10641 (2016), SciRep 7:43376 (2017)

J. Antonaglia et al. PRL 112 155501 (2014)

Deformation of amorphous solids: basic Phenomenology
Local rearrangements

Medium elastic response

“jerky” aspect of the stress response

displacement field

stress change

Maloney and Lemaitre PRL 93, 195501(2004)

Continuum mechanics:
I. Cantat and O. Pitois Phys. Fluids 18 083302 (2006)

well identified, localized “plastic events”,
a.k.a. shear transformation zones (STZ),
elementary excitations, Eshelbys, ...

elastic response to a
deformed inclusion

Eshelby propagator for the
stress redistribution

J.D. Eshelby Proc.Roy.Soc. A 241 376 (1957)
A. Nicolas et. al EPJE 37 50 (2014), Argon and Kuo Mat. Sci. Eng. 39 101 (1979)

F. Puosi, J. Rottler, J.-L. Barrat PRE 89 042302 (2014)

Coarse-grained Elasto-Plastic Models (EPM)
Simplifications:
●
●
●
●
●

Scalar
Athermal
Overdamped
...
(automaton)

●

configuration

●

locally stable if

●

elastic loading

(picture credit: B. Metzger)
●

Local yielding and stress redistribution

+ Dynamical rules for
a “local state” ni

Eshelby propagator

external strain-rate local plastic yield

“mechanical noise” due to plastic
activity elsewhere

Yielding – Depinning analogy?
Depinning

D. Fisher Phys. Reports (1998)

Analogies: singular flowcurve, jerky
dynamics, avalanche behavior
Difference: finite size scaling of first plastic
event* or density of shear transformation
zones+. Has an impact on various exponents,
e.g.

*Maloney, Lemaitre 2004; +Karmakar, Lerner, Procaccia 2010

Yielding

Lin, Lerner, Rosso, Wyart PNAS 111 14382 (2014)

→ Distribution presents a pseudo-gap

: distance to local instability

Lin, Wyart & co.

AVALANCHES

Avalanches: (very recent) granular experiments
Pure shear of photoelastic discs

Toothed slider on a vertical bed of
cylindrical elastic particles

Energy quantified from image intensity
S-1.22

Interestingly
Not without several open questions!!!
J. Barés et al Phys Rev E 96, 052902 (2017)

A.A. Zadeh, J. Barés et al. ArXiv:1810.12243 (2018)

Avalanches: EPM Simulations
C. Liu, EEF, F. Puosi, J-L Barrat, K Martens PRL 116 065501 (2016)
We run our EPM for different imposed strain
rates and system sizes...

Observables:
For each event (stress-drop Δσ) we compute:
duration
duration T

size

shape

stress drop

shape

For several configurations in time
local distances
to threshold

Massively parallel implementation on GPUs

Results

Stress drop size distribution at very low shear rates
...for different system sizes, comparing with quasistatic MD simulations (grayscale triangles)

LEP=16,32,64,128
LMD=40,60,80

scaling factor df: “fractal dimension”. Slip-line avalanche geometry

C. Liu, EEF, F. Puosi, J-L Barrat, K Martens PRL 116 065501 (2016)

Salerno and Robbins PRE 88 060206 (2013)

Results
Stress drop size distributio at increasing strain rate

➢

➢

(curves arbitrarily shifted by

Be

Large strain-rates produces avalanches
overlapping, adding up uncorrelated
plastic activity in the same stress drop.
Crossover to larger exponent when we
go away from the yielding point.

)

the size of a “single avalanche”. Many events may “fit” in
cutoff is mostly controlled by
results from this superposition.

Results
Mechanical noise and crossover to Hébraud-Lequeux mean-field flowcurve

L=64

“Mechanical noise”

➢

At large rates, noise distribution turns Gaussian
→ loss of non-trivial correlations
➢

➢

Variance grow slower than linear with
→ drift dominates when

crosses over toward the Hébraud-Lequeux
mean-field prediction when increases.

Results

Distribution of local distances to threshold (or “density of shear transformations”)

Expected pseudo-gap
absorbing
boundary

boundary
“forecasting”

Observations:
At
external drive

(Wyart & co.)
When

Lin et al., EPL 105 26003 (2014), PNAS 111 14382 (2014), Müller & Wyart,Annu. Rev. Condens. Matter Phys. 6 9 (2015)

Results
Stress drop shapes and size–duration scaling

L=64

Normalized shape for a drop of duration T:

We expect:
We observe:

Asymmetric drops of short duration. At large T
drops shapes become more symmetric

Review of critical exponents

Scaling relations:

stationary →
Lin et al., PNAS 111 14382 (2014)

A. Nicolas, EEF, K. Martens, J.-L. Barrat, Rev. Mod. Phys. 2018 , arXiv:1708.09194

varying damping...

Finite Elements Method approach
To account for inertial effects

Varying damping (dissipation

)

K. Karimi, EEF, J-L Barrat, PRE 95, 013003 (2017)

steeper slope

“new” characteristic size

more
inertial

Overdamped case
finite size scaling
(idem EPM)

Rather than supporting a new universality class [1],
inertia breaks-down the scaling behavior*
*various examples in SOC, also Burridge-Knopoff model
with weakening friction law (Carlson, Langer et al.)

[1] K.M. Salerno & M. Robbins PRE 88, 062206 (2013)

Results
Minimal distances to yielding distributions

displays a bimodal distribution
for underdamped systems
Ansatz:
separates two kind of avalanches:
- massive and inertial (“large”
)
- localized and “overdamped-like”
(“normal”

)

The splitting in two contributions is clear

The effective “fractal dimension” of the
inertial avalanches is now much larger.
e.g.:

Summary
●

●

●

●

●

Yielding phenomena shows a distinctive
universality class (diverse from MF-depinning),
that can be tested in granular media under
deformation.
Departing from the yielding point, at finite
shear rates, the rise of many independent
regions with yielding activity randomizes the
response and draw exponents close to MF
expectations.
In particular, since the drive wins over the signed
kicks, the density of STZs crosses over from
yielding P(x)~xθ to depinning-like P(x)~cst.
Inertia breaks down the scale-free avalanche
statistics and dominates the scaling of large
avalanches, that show a larger fractal
dimensions and reminiscence of shear bands
We are able to discriminate “inertial” form
“overdamped-like” avalanches based on the
value of the minimum distance to threshold
after them.
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