UNIVERSITE .
& DEMONTPELLIER ~ CHARLES/COULOMB

MONTPELLIER

Microscopic dynamics and failure precursors
during the creep of a colloidal gel

Stefano Aime, Laurence Ramos, Luca Cipelletti

Laboratoire Charles Coulomb, CNRS UMR 5221, Université Montpellier, France




Material failure

Vasquez Canyon Road, CA Crack at atomistic level |




Material failure

Creep test on a polymer network
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e Highly non-linear
e Abrupt

* Unpredictable

zf constant shear stress 10° 102 10%
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\ s time [s] Skrzeszewska
* 4(7) et al,, 2010
gap e
tan’ shear deformation y = Ax/e

Adapted from Basu et al, 2011



Biopolymer gel under shear stress

‘Delayed’ failure ubiquitous
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Key questions

1. Mechanisms at the microscopic
level leading to catastrophic
failure?

2. Relation between microscopic
evolution and macroscopic
(mechanical) properties?

time [s] Skrzeszewska
etal., 2010

Experiments
- Soft matter (tunable, length & time scale accessible)
- Couple rheology and microscopic measurements (structure, dynamics)



Custom setup: o controlled shear cell + Small Angle Light Scattering

single scattering
Dynamic light scattering: probing particle displacements
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S. Aime et al, Rev. Sci. Instrum. 2016



Affine vs non-affine particle displacements

@ reference
® affine
® non-affine

Basu et al, 2011

Ideal solid: affine
displacements only

Non-affine
displacements:

G’ heterogeneity,
rearrangements...

Ligth scattering: sensitive to (_j ° Ej - discriminate affine/ non-affine



Colloidal gel: structure & rheology

Attractive colloidal particles, diam ~30 nm
Diluted gel: ¢ =5%, G’ ~ 5 kPa

Sample structure
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Colloidal gel: structure & rheology

Attractive colloidal particles, diam ~30 nm
Diluted gel: ¢ =5%, G’ ~ 5 kPa

Creep Rheology: creep test
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Microscopic dynamics under creep
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Microscopic dynamics under creep
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perpendicular to shear
direction:

non-affine deformation,
plasticity
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Initial regime (y < 5%): reversible?
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Initial regime: reversible non-affine elasticity

strain
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Oscillatory experiments:
Confirm reversibility for y < 5%
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Non-affinity stems from G’ heterogeneity

13



Reversible regime: length scale of G’ heterogeneity

Non-affine msd

R A(Y)
g2(¥) — 1 ~ exp \ﬁ? q>

cluster size ———

low ¥ : R ,(y)~y? Hook’s law
(see also Basu et al. 2011)

R% 4 saturates close to cluster size
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g(qt1)-1

¥ = 5%: plastic (irreversible) rearrangements

Dynamics over a fixed strain increment
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Plastic activity

04 [

Non-affine dynamics: reversible plastic
Ay = y(t+7) - y(t) [Y]
1. Brownian motion:  exp[—2q*D1] Plastic
activity
2. Stationary shear-induced diffusion: exp[—q?(4 - Ay)]
exponent
3. Generalize to non-diffusive dynamics: exp|—f(q)(A - Ay)P]
scaling
factor
4.  Generalization to strain dependent plasticity: A— A(y)
y+ay
A- Dy — Ay dy'
y
y+Ay p

MODEL:  P(q,7,4y) = exp —f(q) j Ay

Y
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Failure precursors in the dynamics of a colloidal gel under creep

Burst of plastic activity precedes failure
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Microscopic dynamics of a colloidal gel under creep: Recap

* Initial regime: creep is (microscopically!) reversible, non-
affinity due to heterogeneity of G'.

* Dynamic precursor of failure

* Plastic rearrangerments: diffusive at low g, additional
dynamics at larger g
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