Higher harmonics in sheared colloids:

Divergence of the nonlinear response
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Viscous flow Hookian elasticity IE
zy =1 3y Ozy = UGoo a_y
stress, viscosity, velocity gradient stress, elastic constant, strain
Visco-elasticity  (J.C. Maxwell, 1867)
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Non-time translational invariant G(t,t')

o(t) = / at' 5(t") G(t,t)

For the special case of oscillatory shear:
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Biroli-Bouchaud theory*

log| 7, (w)

@ 3rd harmonic x3(w) diverges
at glass transition

@ x3(w) x ax(la—s_,?w)

(using: To(F) = T.(0) + x E2, FDT)

(late) (carly) \" @ X3 X Ncorr (number of
correlated particles)
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@ Nonlinear

e Dielectric Response
e Biroli-Bouchaud Theory

@ Large Amplitude Oscillatory Shear (LAOS) strain

e Constitutive Equations in MCT-ITT
e Fourier Transform Rheology

@ 3rd Harmonic Spectrum

e Scaling Laws
e Experiment

@ Summary
e Nonlinear response of glass
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Large Amplitude Oscillatory Shear

Constitutive Equations in MCT-ITT

Yes
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Brownian particles in flow Coupled random walks
= % sag
— @j\/

d
C (Erz — VSOIV(I‘i)) = Fi + fz

@ homogeneous flow v*°¥(r) =k -r
e.g. simple shear . .
% P @ F; interparticle force

@ f; random force

(F9(8) £7(#)) = 2CkBTdasdi6(t — t')
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Brownian particles in flow Coupled random walks
= % sag
— @j\/

d
¢ (Erz - VSOIV(I‘i)) =F;+§

@ homogeneous flow v*°¥(r) =k -r
e.g. simple shear . .
% P @ F; interparticle force

@ f; random force

() F2(0)) = 2 ks T030,50(t — V)
o =5(1) y

Generalized Green Kubo relation (+ MCT approximation)

Yes
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Linear response moduli
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stress magnitudes with 50% error
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Stress-strain relation in glass
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Stress-strain relation in glass
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Siebenbiirger, Ballauff [JPCM 27, 194121 (2015)] Peo = ’)/D—O

yield strain 7, underestimated (factor 3)
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MCT-ITT
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3rd Harmonic Spectrum

Scaling Laws

Experiment

schematic model used
[J. Brader, T. Voigtmann, MF, R. Larson and M. Cates, PNAS, 106, 15186 (2009)]
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stress for applied shear rate  (7) = v sinwt
t

a(t):/ dt' G(t,t") 4(t)

—00

generalized shear modulus
G(t,t") = v, ®2(t,1)

schematic F12 model for strain 7 (t,t) ft, ds (s

o®(t,t")+T (<I>(t,t’) + ds mit, s,t’)as@(s,t’)> =0

t/
memory kernel

m(t, s, t') = h(y(t.s)) h(y(t. 1) (v1(e) @(t, s) + v§ *(t,5))

strain decorrelation
1

h =
O = TG oo



dimensionless parameters:

2
shear rate: Pep = "y};—’; (bare Peclet number)
shear rate: Pe =47 (Peclet, Weissenberg number)
R2
frequency: Pe, = wD—Ig
frequency: De = wt (Deborah number)
R3

stress: o X kB_}é“
strain: Y=4,
Input:

v(t) = yosin(wt) , €= "S;f’C (¢ packing fraction)
Output:

o(t) =7 > gy Gp(w)sin(nwt) + 40 Y ooy Gr(w) cos(nwt)

Parameters: v, , T’ |, 7%« & Mo
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Object:
3rd Harmonic amplitude: I3 = |G3(w)|  (x 13)

1 I3
Qo= —5 &
¥ I
Questions:
@ Dependence on w, € 7

@ 3 related to Neorr (number of correlated particles) ?
@ Plastic decay ?

Method:
Taylor approximation of schematic MCT model for vg — 0

D
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@ glass transition (e = 0): t—a ]
0.8F —e=—le—05 — =001 R

@ glass stability analysis (3-scaling law) — W
0.6

Deg(t) = fe+ /el g(t/te) g
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@ a-scaling la ~ (—e)™7

a-scaling law (7 ~ (—¢)77) M (1)\
Deg(t) = foolt/7) N X

O T S T L T T T I LR T/ T
It

functional: S[®](t) = /OZis {®(s) —m(s) +m(s)P(t—s)} =0

bifurcation: %E]S()t)
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@ Fourier expansion with n = —1,0,1

1 no_ Y
%(Q(t,t) Oo(t—1t')) =

S falt =t ) emet)

@ distortions f,, diverge for ¢ — 0

@ f, follow scaling-laws at fixed wt

2 - AR (Y B A
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—e=-0.01
— e =—0.003
— e =—0.001
— ¢ = —0.0003
— ¢ = —0.0001
—e=—le—05
— = —1le—06

2 % |
0—16 10—14

[equivalent to Tarzia, Biroli, Lefevre, Bouchaud (2010)]

-1 1
@ Qo(w) = ¥ h
@ follows scaling laws
fore -0
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@ follows scaling laws
fore -0

@ [3-scaling law
@ maximum close to
minimum in G”

Yes
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linear moduli
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Experiment: Merger, Wilhelm, KIT

@ Expt.: PNIPAM microgels

(Siebenbiirger, Ballauff, HZB)

@ Fit of schematic MCT
parameters only with
linear response & steady
stress curves
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* =k 15°C, exp. == e = —0.00015
* =k 18°C, exp. = e = —0.00024
* = 20°C, exp. = e = —0.00046 *
* =% 22°C, exp. = ¢ = —0.0017 F
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Experiment: Merger, Wilhelm, KIT

@ Expt.: PNIPAM microgels

(Siebenbiirger, Ballauff, HZB)
@ (3-scaling compatible

@ different to dielectric
X (w)

D
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3rd harmonic under strain 3rd harmonic in electric field

log| (o)

log Qo

(late) (early) >
e
a-regime p-regime

@ /3 tests elasticity on [-scale @ Y3 tests - relaxation
@ no detailed balance in shear @ generalized FDR
@ glass yields for 4 # 0 @ glass transition shifted

T.(E) = T.(0) + x E?
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