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Basic facts of life……. 
 
Solids ( Atomic  crystals, Metallic  glasses, Dense 
suspensions , gels , foams ) exhibit yielding and plastic 
flow at sufficiently large external stresses. 

Crystalline Materials : Yielding via motion of well defined 

          topological defects called dislocations. 

 

Local yield events ( dislocations ) move collectively and 

 self organize into avalanches that follow power law  

 scaling . Many examples…… 



Crystal  Plasticity 

Acoustic emission experiments  

on bulk single crystals of ice 

Nano-indendation 

experiments on  

Ni microcrystals Slope – 1.5 

Atomic Soft 

Pertsinidis and Ling , New J Phys 7,33 

(2005)  
Dislocation velocities exhibit power laws  



Amorphous  Systems 

Log-log plot of the density  
distribution D(s) vs normalized  
stress drop magnitude s for  
Cu47:5Zr47:5Al5,  

ATOMIC SYSTEMS 



Science  318,1895(2007) 

Fourfold pattern in the Spatial 

autocorrelation of the local strain  

field indicate  that the dominant 

deformation mechanisms in glass 

 are STZs(See Falk and Langer , 

PRE (1998))that behave as  

Eshelby inclusions:  local regions  

of high plastic Strain that couple 

elastically to the surrounding 

material. 

Experiments on colloidal glasses: Steady Shear 





K E Jansen, D A Weitz and F Spaepen 

Vol fraction ~62 % 

Constant Strain rate of(1-5) 10 **-5 sec -1. 

Max strain of 10%. 

 

Yield strain ~2 % 



Hard Sphere Glass 

Vol Frac~0.60 

Dia=1.3 microns 

 

Growing clusters of nonaffine deformation percolate at Yielding .The spanning  

Cluster is fractal with Df~2 and the correlation length diverges upon approaching the 

Critical yield strain. 



Microscopic Irreversibility Under Oscillatory Shear 
Diffusing Wave Spectroscopy Under Oscillatory Shear 

DWS Echo Technique 

Below yield strain (measured separately)several 

percent of particles were rearranging irreversibly with 

each cycle. 

G Petekidis et al PR A 66, 051402(2002) 

Yielding marked  division between completely  

Reversible and irreversible behavior. 

No transient behavior studied. 



Yielding and microstructure in a 2D jammed material 

under shear deformation 
†Nathan C. Keim and Paulo E. Arratia, Soft Matter 9, 6222(2013) 

* 



Local mobility and microstructure in periodically sheared soft particle 

glasses and their connection to macroscopic rheology 

 
Lavanya Mohan, Charlotte Pellet, Michel Cloitre  and Roger Bonnecaze 

 

Journal of Rheology ,57,1023 (2013) 

“Our findings concerning the particle scale dynamics also exhibit interesting analogies 

with the behavior of non-Brownian hard sphere suspensions in a viscous fluid, which 

are subjected to oscillatory shear motion [Pineet al.(2005)Corte et al.(2008)]. The 

physical origin of interparticle interactions is a priori significantly different in both 

systems: In non-Brownian suspensions, particles interact through long-range 

hydrodynamic interactions; in dense suspensions of soft particles, particles experience 

short-range EHD forces at particle contacts.” 



Sharp onset of irreversible dynamics: „Absorbing Phase Transition‟ 

Below Threshold  

Strain 
Above Threshold 

Strain 



Random Organization & Basis for Mechanical Memory 

Pine et al., Nature 438, 997 (2005) 
Corte et al., Nature Physics 4, 420 - 424, (2008) 

• Irreversibility onset – Non-equilibrium phase transition from an 
absorbing state to a fluctuating steady state 

• System adapts to a particular strain  



 Can periodically driven amorphous solids show reversible steady states below a 

threshold stress? 

 

 Can ideas from dilute suspensions (Corte‟ et al.) be extended to denser ones? 

Fiocco et al., PRE (R) 88, 020301 (2013) 

Kiem and Arratia 

Soft Matter 9, 6222 (2013) 
 

Slotterback et al., PRE 85,  

021309 (2012) 

Regev et al., PRE 88 062401 (2013) 

Knowlton et al., Soft Matter (2014) 





Experiments  

MCR 301 Rheometer mounted  

atop Visitech Fast Confocal 

Binary Colloidal Glass made of size tunable 

Poly N-isopropylacrylamide (PNIPAM) particles 
System 

Particles labeled with Rhodamine 6G for confocal imaging, 

velocity-vorticity plane 7 microns away from bottom plate 

nsmall  : nbig = 3:1,   

Rsmall : Rbig = 1:2 

φParticle > φglass  58% at 27°C 

Colloid Experiment Bubble Raft Experiment 

Bubble size ratio 1:2 

Bubble solution + Glycerol + Na Stearate 

Measurements 
 

 Apply pre-shear before every run 
 

 Determine yield strain (y) from  

    standard linear rheology 
 

 Subsequently, at fixed  and for o 

    across y, explore temporal evolution 

    of viscoelastic moduli and glass  

    microstructure 

Immobilized layer of particles on top and bottom plates to prevent wall slip 



Experimental System – Bubble Rafts 

Area fraction – φ > 0.8  

2D Couette Geometry Amorphous Solid: Bi-disperse Bubble Raft  

Soft - Frictionless - Athermal Particles  
 

 Interaction potential between two bubbles 

ρ = r/R 

r = Distance between 
bubbles; R = Bubble radius 

ρ is the density of the solution and g is acceleration due to gravity. 

K0 is the zeroth-order Bessel function. 

z is the elevation of the free surface in the meniscus. 
α = R/a is the ratio of bubble radius to Laplace constant a. 

Argon et al., Philosophical Magazine A, 86, No.2, (1982). 
Origins of Elasticity and Plasticity : The Bubble 

Raft, Fall (2007). 



Experimental Details  – Bubble Rafts 

Basic characterization: 
 
 

Area fraction: φ > 0.8 

Number ratio of bubbles used: On an 
average for every 8 big bubbles there are 
11 small bubbles in this raft.  

Type of raft: Bidisperse amorphous with 
some polydispersity 

Size of bubbles: Between 1mm and 2.5mm 
                        in diameter. 

Number of bubbles in the 
 field of view: ~1300 . 

Couette geometry 



Determining the Yield Strain 

G‟ 

G‟‟ 

 = 1 rad/s 

o =  0.01 

 = 0.5 rad/s 

G‟ 

G‟‟ 

Binary Colloidal Glass 
2D Amorphous Bubble raft  

Koumakis, Brady and Petekidis, PRL 110, 178301 (2013):Yielding peak in G‟‟  

due to two mechanisms: Low Freq –Brownian motion assisted cage escape and  

Escape through shear induced collisions at High Freqs. 



Colloids - Single-Particle Dynamics 

Below y Above y 



Quantifying Irreversible Yield Events (3D) 
Fraction of particles (fIR) that do not return to their positions after one 

complete oscillation cycle 

Red: Big Irreversible Particles 

Green: Small Irreversible Particles 

Black: Reversible Particles 



Quantifying Irreversible Yield Events 
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No. of nearest neighbors of i initially, Nini 

No of common neighbors of i, after one cycle, Nfin  

i i 

The particle i is labeled irreversible if  Nfin / Nini   0.66 

 Yunker et al., Physical Review Letters 103,  115701 (2009) 



Colloidal Glass - Time Evolution of Irreversibility 

 – behaves like an order-parameter   

Irreversible fraction corrected 

for thermal contribution 

y 



Irreversible events lead to dissipation of energy and should also  

reflect in the loss modulus G‟‟ 

Colloidal Glass - Time Evolution of Irreversibility 



Signatures of Slowing Down Near Yield 

y 

Manasa et al., PRE 89, 062308 (2014) 

“Absorbing Phase Transition”, CDP Universality Class 
Menon and Ramaswamy PRE 79, 061108 (2009) 



Below Yield Above Yield 

Irreversible T1 Event 

 A True “Absorbing/Reversible State” below Yield 

Removing “T” from the Picture 



T1 events correspond to a neighbor switching event in 
which two neighboring bubbles lose contact, and two 
nextnearestneighbors become neighbors  

Irreversible T1 event: initial state �i–�iii, middle of the T1 
event �iv, and the second state �v–�vii. 

“Transition from an elastic deformation with mostly reversible 
T1 events to macroscopic plastic flow with mainly irreversible 
T1 events. This is a direct experimental confirmation of 
reversible microscopic plastic zones or shear transformation 
zones STZs. The concept of a STZ as a reversible, two-state 
transition within a material that can be created or destroyed 
was first proposed by Falk and Langer.” 

Initial state i, middle of the T1 event ii, second state iii, 
middle of the T1 event under reversal of shear iv, and  
the return to the initial state v 



Bubble Rafts – Time Evolution of Irreversibility 



Is there Spatial Correlations  between local  

 irreversible rearrangements near Yielding? 

Local plastic events in glasses originate from  

spatially Localized low freq Vib modes. 

We identify them by  

 local measure of 

 elasticity : DW  



Averaged over suitable time window. 
For each strain, for different time  
Windows  t (less than the cage 
Breaking time), we clustered top  
10 % of the high ui particles based 
 on nn distances. 
Average cluster size as a fn of time  
Exhibits a max at tmax which is  
chosen as time interval to compute 
 Dwi. 

Ui averged over an oscillation cycle  
For 0=0.25 and  =2 . 
 
 
Gray circles: irreversible arrangements 



o = 0.27 

High Debye-Waller (DW) Particles are Spatially Clustered 

Top 10 % of the high Ui particles are shown as big solid spheres and remaining as   small circles.  
Colors  are a visual aid to demarcate clusters. 
 

Fewer larger clusters 



Time Evolution of DW Particle Clusters 

Near y 

Here P(n)  is stationary . 

Clusters are larger here . 



A Growing Length Scale 
Cooperative dynamics near yielding  

Note we are imagining in velocity-vorticity plane and NOT in velocity-Gradient plane.  

Close to critical strain, correlations between local yield events trigger a cascade of  
Irreversible rearrangements , manifested as growing Corr length and hence slowing down. 



Conclusions so far……….. 

 Consistent with some recent simulations and 

    experiment – existence of a  reversible/ 

    absorbing state for strains lower than  

    threshold (y). 

 

  Slowing Down Accompanied by a  

    Growing Length Scale . 

    – Signatures of a Non-Equilibrium Phase  

       Transition Near Yielding ? 

 

       



1. Two weakly coupled subsystems: slow conf deg of freedom (inherent structures) : 

     Charaterized by Teff 

Fast kinetics-vib deg of freedom  

2. Plastic deformation mediated by STZs .  

 STZ can make transitions between its internal states. 

3. Yielding transition is associated with exchange of stability (bifurcation ) in the  

 dynamical eq for order parameter m ( coarse grained internal variable ). 

 

Slowing down mechanism is associated with the exchange of stability in  

dynamics of m. STZ-STZ interaction is not included. 



Above Yield  



“Finally, we note that in [13] it was suggested that the 

growing relaxation time is associated with a growing correlation 

length scale due to interaction between different 

rearrangements, a feature that is absent from the mean-field 

STZ model.  

 

It is also worth noting that while the STZ slowing-down mechanism 

is related to the dynamics of the orientational order parameter m, 

measurements of a growing relaxation time scale were based 

either on the evolution of the energy [9,10] or on the fraction of 

particles that do not return to their initial positions at the end of a 

strain cycle [13]. We have not discussed possible relations 

between them ” 



Order of the Transition?? 

First order or Second order? 



Microfluidic emulsions periodically driven 

By a syringe pump. 

 

Oil droplets in aqueous medium,  

Dia 25.5 microns, 

Area fraction=0.36 

Above a maximal shaking amplitude, 

structural order and reversibility are lost  

through a FIRST ORDER NE Phase 

 Transition. 



0.54 0.99 1.53 

The irreversible population displays a structure akin to hard attractive disk fluid  

  for all driving amplitudes. 

 

In contrast, in the reversible regions, the emulsion droplets self organise to 

form a soft repulsive disc structure 





PNAS May 2017, p 5577 

Yield as first order transition ;  

Order parameter jumps . 



Speculation: Where do the local  

          plastic events occur?? 

At the amorphous-amorphous interface ! 



Nat Comm (2018) 



Thank you 


