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Coworkers

• On-going work with:

G. Biroli,
M. Ozawa,
A. Rosso,
G. Tarjus.

[“A random critical point separates brittle and ductile yielding transitions in amorphous

materials”, PNAS 115, 6656 (2018)]
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Amorphous materials

• Most solids of practical interest are amorphous materials: they behave
as solids, but are structurally disordered.

• Window glasses, plastics and colloidal
materials are dense disordered assem-
blies of Brownian particles, obtained by
cooling across the glass transition.

• Foams and emulsions are dense disor-
dered assemblies of non-Brownian par-
ticles, obtained by compressing beyond
the jamming transition. [cf. B. Chakraborty]

• Disordered solids across a broad range
of timescales and lengthscales: mechan-
ical properties? [Berthier & Biroli, RMP ’11]
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Yielding of amorphous solids

• Transition from elastic solid to plastic fluid as the amplitude of external
forcing increases beyond linear regime.

• Observed in different geometries, conditions, timescales, and materials.

• Obviously relevant for many applications.

[Bonn, Denn, Berthier, Divoux, Manneville, RMP ’17]
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Criticality at steady state

• In steady state, succession of elastic load and plastic release.

• System spanning avalanches, with known critical properties.
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“Elastic” branch?

• Elastic branch is critical (“marginal”) everywhere.
[Lin et al., PRL ’15]

• Elastic branch becomes critical at Gardner point.
[Urbani & Zamponi ’17, Jin & Yoshino ’17]

• Elastic branch is not critical [Hentschel et al., PRE ’15], only becomes critical
when γ → γY [Procaccia et al. ’17]
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Criticality at yielding?

• Percolation ideas: empirical description.
[Horbach and Chaudhuri ’17, Gosh et al. ’17]

• Scale free spinodal from mean-field (glass) description: First-order and
critical. [Wolynes ’12, Rainone et al. 2015, Zamponi and Urbani ’17, Procaccia et al. ’16, ’17]
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Universality

[From Itamar Procaccia’s talk in Paris, October 2017]
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Universality?

• Metallic glass

[Yoo et al. ’10]

• Colloidal glass

[Amann et al. ’13]

• Foam

[Lauridsen et al. ’02]
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Our unified picture of yielding

• Our picture organizes the yielding of metallic and molecular glasses,
colloids and foams as a function of the glass stability, i.e. how deep in the
energy landscape the system has been able to dive.

smooth1rst order

glass
stability critical

point
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Computer simulations

• Usually limited to “short” time scales and “small” systems.

• Ordinary computer simulations face the preparation timescale problem.

Cooling rate is about 8 orders of magnitude too fast for molecular glasses

(τ0 ∼ 10−12 s), about OK for colloidal systems (τ0 ∼ 10−3 s). Totally OK for
non-Brownian particles (τ0 ∼ ∞).

• Athermal quasi-static (AQS) simulations solve the second timescale
problem: deformation rate is effectively slow enough, even for atoms and
molecules.

• System size? Change N , develop coarse-grained models. [cf. J.L. Barrat]
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SWAP Monte Carlo algorithm
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• Polydisperse soft spheres,

V (r) ∼ 1/r12, represent generic
atoms, colloids, or droplets.

• SWAP MC completely solves
the stability problem: it ther-
malises glasses, even below Tg.
[Ninarello et al. ’17]

• Equilibrate fluid at temperature Tini from Tonset (like foams) to Tmct (like
colloidal glasses) to below Tg (like molecular glasses, and even ultrastable

glasses). Then, quench to T = 0 before athermal quasistatic shear.

• Realistic mechanical response of glass configurations that cover a broad
range of glass stabilities, uniquely controlled by Tini (“fictive temperature”).
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Qualitative observations
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• From monotonic increase, to stress overshoot, to discontinuous yielding.

• All types of material behaviour reproduced by varying glass stability
within the same model & particle interactions.
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1rst order transition at low Tini

• Nothing at high Tini. For low ‘enough’ Tini, a discontinuous transition
becomes easily observable from macroscopic rheology.

• 〈σ〉 becomes sharper, susceptibilities χdis = N(〈σ2〉 − 〈σ〉2) and
χcon = −d〈σ〉/dγ diverge as N → ∞.

• A bona fide discontinuous phase transition → simpler model.
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A mean-field model

• Elasto-plastic models for time evolution of coarse-grained stress:

(σi, i = 1 · · ·N). Equivalently, distance to local instability: xi = σth − σi.

• Elastic deformation: σi → σi + µδγ.

• Plastic drop x [from some g(x)], stress redistribution σj → σj +Gijx.

• Simplistic mean-field, Gij ∝ 1

N
, so that

evolution equation for Pγ(x) reads:

∂Pγ(x)

∂γ
=

µ

1− xcPγ(0)

[

∂Pγ(x)

∂x
+ Pγ(0)g(x)

]

• Glass stability encoded (by hand!) in
Pγ=0(x).

 A = 0.84
 A = 0.8

x
P 0(x)
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• Evolution of Pγ(0) determines macroscopic behaviour of the system.
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Analytic mean-field solution

• Simple choices allow for analytic solution, but results are generic.
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• Smooth crossover to discontinuous yielding, through a critical point for
specific set of parameters (stability, deformation).
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Mean-field... and beyond

• Nature of discontinuous transition: critical spinodal instability with
quenched disorder, just as in d = ∞ mean-field glass theory.

• Hence, critical point similar to mean-field random field Ising model:
specific predictions for avalanches at yielding.

• More realistic mean-field redistribution in [Popovic et al., arXiv ’18]. Describes
better elastic and steady state branches, similar critical point.

• Spinodal with disorder in finite d > 2: discontinuity survives, criticality is
lost, rare spatial fluctuations drive the transition. [Nandi et al. ’16]

• Finite-d elasto-plastic model with proper elastic (Eshelby) redistribution.
[Popovic et al., arXiv ’18]

• Critical point? Exponents? What RFIM? Macroscopic samples? d = 2?
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Simulations: Critical point...

• Macroscopic stress drop vanishes continuously, its fluctuations become
maximal as Tini → Tini,c ≈ 0.095: Evidence of critical point.

• Stress overshoot for T > Tini,c is a vestige of discontinuous transition, but

yielding is just a smooth crossover (colloidal systems).
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... controlled by disorder

• Sample-to-sample fluctuations dominate over intra-sample fluctuations:
quenched disorder affects the critical behaviour.

• The relation χdis ∝ χ2
con is predicted from the analogy with the RFIM.
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Marginality of stable glasses?

• Stress drops (i.e. plasticity) along the elastic branch strongly suppressed
at low Tini.

• The nature of shear transformation zones / soft spots must change
dramatically in stable glasses. [Large research activity on this]

• Abrupt change of stress drops at yielding.
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Real space: shear-bands

• Yielding at high Tini is gradual.

• Yielding for low Tini is brutal.

• Strong fluctuations at critical stability.

• Multiple breakings can occur in the same
sample. Looks like metallic glasses...

• Shear-bands occur within a single energy minimization, not through an
accumulation of small events over large deformation.

• Anatomy of a single shear band: initiated by a local event. Glassy
defects?
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Yielding and the bad seeds

• Rare fluctuations are rare: put some (bad) seeds by hand. We anneal a
small sub-region within a stable configuration. [Nandi et al., Popovic et al.]

• The bad seeds always trigger the macroscopic avalanche, and shift the
yielding transition, as found in RFIM & coarse-grained model.
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Yielding in two dimensions

• As in d = 3, yielding in d = 2 becomes sharper in very stable systems as
N → ∞.

• Fluctuations, however, look qualitatively different.
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• Physics seems qualitatively different in d = 2, despite many studies...
Very consistent with RFIM physics! [Ongoing work, M. Ozawa]
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Conclusion

• A unified picture of yielding in amorphous solids and ductility of
amorphous materials.

• Sharp yielding transition exists for
stable enough systems.

• Previous studies in the crossover
regime above critical point.

• Our simulations seem realistic for
molecular glasses.

title – p.24


	 	extcolor {red}{Coworkers} 
	 	extcolor {red}{Amorphous materials} 
	 	extcolor {red}{Yielding of amorphous solids} 
	 	extcolor {red}{Criticality at steady state} 
	 	extcolor {red}{``Elastic'' branch?} 
	 	extcolor {red}{Criticality at yielding?} 
	 	extcolor {red}{Universality} 
	 	extcolor {red}{Universality?} 
	 	extcolor {red}{Our unified picture of yielding} 
	 	extcolor {red}{Computer simulations} 
	 	extcolor {red}{SWAP Monte Carlo algorithm} 
	 	extcolor {red}{Qualitative observations} 
	 	extcolor {red}{1rst order transition at low $T_{m ini}$} 
	 	extcolor {red}{A mean-field model} 
	 	extcolor {red}{Analytic mean-field solution} 
	 	extcolor {red}{Mean-field... and beyond} 
	 	extcolor {red}{Simulations: Critical point...} 
	 	extcolor {red}{... controlled by disorder} 
	 	extcolor {red}{Marginality of stable glasses?} 
	 	extcolor {red}{Real space: shear-bands} 
	 	extcolor {red}{Yielding and the bad seeds} 
	 	extcolor {red}{Yielding in two dimensions} 
	 	extcolor {red}{Conclusion} 

