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Amorphous materials
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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. 90, 045006 (2018)



stress(o)

Yield stress systems

plastic flow

Hookean solid Yield stress material
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Typical stress-strain and flow curves

Sheared foam
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In general:
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Further complex stress-strain curves

Silica colloids (polymer-stabilized) suspensions Collo:dal (carbon black) gel
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Hot Topic: distinction among “brittle” and “ductile” yielding
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Ductile vs brittle materials

Soap foam Bulk metallic glass Silica glass
“soft” “hard” somehow ductile hard and brittle
E~100 Pa E~100 GPa E~70 GPa }
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Large enough strain: plastic flow plateau - no ‘plastic plateau”
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Yielding transition
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“Yielding transition”: a dynamical phase transition between an elastic solid-like state and a plastic flow

state when we overcome a critical yield stress.




Critical exponents related to yielding

In analogy with equilibrium phenomena and other driven phase transitions

P(S) ~ 577 f(5/Scut)

Scut 4 k_a Or SCU.t Y Ldf

() ~(T)° d=dy/z

...and so on

Flowcurve

Density of shear
transformations

Avalanche size
distributions

Avalanche mean
size and duration



Basic phenomenology: 1.Local rearrangements

Foam moved at fix rate
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I. Cantat and O. Pitois Phys. Fluids 18 083302 (2006)

When do they occur?

Load of elastic energy,
suddenly discharged, locally

Heterogeneous material:

soft spots

N
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* “jerky” aspect of the stress response

s—>> well identified, localized “plastic events”,
a.k.a. shear transformations (STs),
elementary excitations, Eshelbys, ...

Maloney, Lemaitre, Argon, Falk, Langer

In general: tens/hundreds of particles involved

* One rearrangement can trigger others
e Cascades, avalanches of STs
* Broad distribution of Ao

A. Nicolas et. al EPJE 37 50 (2014), Argon and Kuo Mat. Sci. Eng. 39 101 (1979)



Basic phenomenology: 2.Medium elastic response

MD simulations:

stress change
Maloney and Lemaitre PRL 93, 195501(2004)

displacement field

Experiments:

e.g., average stress change
around an event (2D emulsion)

420 2 4

Desmond and Weeks, PRL 115, 098302 (2015) */{d)

Surroundings respond to a STZ essentially as an
homogeneous elastic medium (incompressible)

Continuum mechanics:
response to a fluidized inclusion

- v

The induced shear stress outside the inclusion is
proportional to the inclusion transformation strain
and to the “Eshelby” propagator

cos(40)
2

G?®(r,0) x

J.D. Eshelby Proc. Roy. Soc. A 241 376 (1957)

* Long-range: decays likes a dipole
* Anisotropic effect: quadrupolar in symmetry

A plastic event stabilizes some regions and destabilizes others
Which is the quantity/density of shear transformations in the system?



Density of shear transformations
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Z; . “distance” to local instability

— Distribution presents a pseudo-gap
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Yielding - Depinning analogy?

Depinning Yielding
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D. Fisher Phys. Reports (1998) Lin, Lerner, Rosso, Wyart PNAS 111 14382 (2014)

Analogies: singular flowcurve, jerky dynamics, avalanche behavior

Main difference: finite size scaling of the first plastic event is sub-extensive in yielding

0 fain ~ N7 Tmin = 00min ~ N> 1/N ,0<a<1
depinning:  G;; > 0 . 0Depinning p(z) ~ "
de > d >0.8
b 0.6
. . | o
yielding:  G,; signed 20.4
de < d 0.2/Yielding p(z) ~ 2
© 0.0

A stress threshold



Plastic flow and broadly distributed stress-drop sizes
(avalanches)

Bulk metallic glasses

Granular systems
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Density of shear transfromations and avalanches
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Coarse-grained Elasto-Plastic Models (EPM)

Simplifications: HRNERRAERNESREEER « configuration {o; }
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Avalanches: EPM Simulations

We run our EPM for different imposed strain  Observables:
rates and system sizes...
For each event (stress-drop Ao) we compute:
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C. Liu, EEF, F. Puosi, J-L Barrat, K Martens PRL 116 065501 (2016)



Results

Stress drop size distribution at very low shear rates ¥ — 0

...for different system sizes, comparing with quasistatic MD simulations (grayscale triangles)
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Stress-drop statistics when increasing strain rate

S = LdAa Measured as in experiments, from the stress-strain signal
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- Large strain-rates produces avalanche
overlapping, adding up uncorrelated
5B Ae {10, ...,107°} plastic activity in the same stress drop.
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- Crossover to larger exponent when we
go away from the yielding point.
(curves arbitrarily shifted by k) +:195 5 1.5



Density of shear transformations at increasing strain rate
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Stress-drop statistics in not-overdamped systems

(Finite Elements Method approach to account for inertial effects)

K. Karimi, EEF, J-L Barrat, PRE 95, 013003 (2017)
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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.
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P(xmin) reveals two kind of avalanches
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P(xmin) displays a bimodal distribution
for underdamped systems cross
Lmin = Lin
Ansatz:
T Separates two kind of avalanches:

- massive and inertial (“large” Zmin)
- localized and “overdamped-like”
(‘normal” z_:,)
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The splitting in two contributions is clear

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

©9 @, =175 for T =1000



Picard’s model

EPM with stress-dependent rates

@4 n=0 p=1 n=0

local stres

local stress

local stress

- event
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>
time

In collaboration with Eduardo Jagla
2, eXx ag; : s o t
Ouoi(t) = iy — goma(t) 75 + 30, Gl )n (1) 242

Stochastic rules for local yielding:

Uniform rate Progressive rate
7.0 = A\ = cst. .t =)o) x /o — 0,
(all previous cases) (“New”) site is more likely to yield

as it is more overloaded

Equivalent to slide a manifold on parabolic or smooth potentials

. dVi(e;)
nei = — e + Z: Gijej + o,

a

n n+l

(b)

Jagla, PRE 96, 023006 (2017), Fernandez Aguirre and Jagla, PRE 98, 013002 (2018)




Flowcurves
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P(S)

“Static” exponents, independent on rate rule (1, d,, 0)
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“Dynamic” exponents, dependent on rate rule (z, vy, )

Lin’s model

_! T T LU [1[ T T LI IT]I T T 1T TT l1| ]
10° | _ : E |
Progressive Pt B
10* 10°F (open symbols) B
i . 54
10 B i
) e I S 1
10° = 10° 10’

- V 2 A 10 [IIT]If T TTHII]I L] TI11I"| T I:
= progressive rate - W E 8 fs
10’ o Enitgr.}rm rate 10 : v : o o 0. 5F cl > i 1
B < 0’5’3/“‘ z:: 10 ; _E E
]0(} B y N : ,,z’,/; ] :‘_\1 - E ]
10° 10" 10 10’ -7 % Uniform ¥ oL 1

i (closed symbols) - L 1 i ;
10 i_' 1 1 1 L1l [II L 1 1 | - r]ll I I”IIII II | IIIII“II | IIJIII”III 1 I I! _E

d
S~ LY 2/d 10’ 10' 10° 10’
T ~ §5°/%f S
T ~ 7
Uniform rate Progressive rate
2/df ~054 »~058 ~=ds/z~1.85  z/df~043 2>046 vy=ds/z>21T

2 /dp ~0.7 2 ~0.76



Summary

 Amorphous solids undergo a yielding transition when
deformed beyond a critical strain.

* Avalanche behavior for yielding is somehow different from
depinning. Critical exponents are not in the mean-field
depinning universality class, as seen in EPMs and MD.

* Finite strain-rate deformation and inertia modify the avalanche
statistics.

* Within EPMs, different local yield rules strongly affect dynamical
exponents (B, z) but a priori not the static critical ones (1, d,, 6, H)
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