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Experimental Investigations of Shear-Thickening and Yield Stress:
The Roles of Friction and Surface Chemistry

* Part 1: Tuning of the Shear-Thickening Fluid Transition
* Anisotropic (highly rough) particles (long range interactions)
* Surface chemistry (short range chemical interactions)
* How low a volume fraction can we get to and still achieve discontinuous shear thickening (DST)?
e Appearance of a yield stress in some of these colloidal dispersions

 [Part 2]: (Computational and Experimental) Micromechanics of the Yield Stress

e Thixotropy and material aging
* The key role of rolling friction

* Part 3: Parallel Superposition (combining steady and oscillatory shear) with Gabor transform for
time/frequency separation to probe the properties of thixotropic elastoviscoplastic (TEVP) fluids
* |In a thixotropic elasto-visco-plastic (TEVP) material the stress typically evolves on two (often) distinct
time-scales; viscoelasticity characterized by 7,,, and thixotropy, characterized by 7;p;x

e Impose Y(t) =7yt + ¥ sin wt Monitor stress evolution in time:
Y =Yo * Yocoswt o(t,w,¥0) = Nesr(t, Vo) Vo + }/O{Gﬁ (w, t)sinwt + Gf (w, t)coswt}

U w=1o0r5 rad/s
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The shear-thickening transition is set by frictional interactions

* Explore the competing roles of roughness (1) and surface chemistry in controlling the shear thickening transition
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Frictional interactions

Roughness Chemistry
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Suspensions of fumed silica in polypropylene glycol (polar solvent)

Raghavan et al., 1995
Raghavan et al., 1997
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Suspensions of fumed silica in polypropylene glycol
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Suspensions of fumed silica in polypropylene glycol
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Shear-thickening transition at low volume fraction
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Onset of shear-thickening
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Onset of shear-thickening

Interparticle distance L
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Hydrophilic vs Hydrophobic
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Frictional interactions }J\@U

Roughness Chemlstry

Hydrodynamic forces Solid friction Hydrogen bonds

Hydrophilic vs Hydrophobic
Key role on shear-thickening




Shear-thickening quantification

b= *yd—n —1-92
do
O 5 ~ 0 = Newtonian
VY B£<0 — Shear thinning
/\ 0< B <1 = continuous shear-thickening (CST)
*x =1 — Discontinuous shear-thickening (DST)

Brown et al., 2009
Royer et al., 2016
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Mixtures — tuning the shear-thickening response

e Constant volume fraction (and vary x = hydrophilic fraction)
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- Micromechanics of Particulate Soft Matter -

Simulations
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Evolving rheology of thixotropic wet suspension: clay-based drilling mud

(an aging TEVP material)
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Temperature:
Geometry:
Instrument:
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Application of The Gabor Transform in Rheometric Measurements: Gaborheometry

* The Gabor transform is a special case of the Shorl:oTime Fourier Transform (STFT) in which the window function is a Gaussian.

Gabor Transform  X(w, 1) = j x(£)g(t —1)e t@tdt 1
— a has units of time 08
— 00 .
7 B
1 2/ 2 2 0.6
Gaussian Window g(t-71)= exp(—(t—r)/Za ) =
N2 a g
z 04
g
0.2
* In rheometry we care about getting amplitudes (moduli) right:

. 0
Dennis Gabor For a sinusoidal signal x(t) = A sin(wyt), the power spectrum is given by:

A a? A a?
1X(w,7=0)| = Ee‘z—(“"wo)2 _ A -Swrwg)?

2

¢ For the Gabor transform to be accurate, the amplitude of the computed spectral coefficient
needs to be A/2 at w = wy and also at w = —w,,.

‘Windowed signal

2
. . . . A_ 4 -%H2w)?
At w = wg an amplitude error is incurred from the windowing: |X(w,7 = 0)| = S € 2

0 20 40 60 80 100 120
ils]

* Getting the amplitude wrong from the Fourier spectrum means getting the modulus wrong! 263
...Evidently if the window length tends to infinity, we recover correct amplitude ';1—. a= w_
Heisenberg’s uncertainty principle in rheometry! 0

Rathinaraj & GHM, J.Rheology 68 Mar/Apr. 2023




Extracting G'(wy,t) & G''(w,, t) for an aging Bentonite clay (an aging TEVP material)

awy = 2.6

Material: Bentonite;
Concentration: 5 wt.%;
Temperature: 25°C
Geometry: Cone 60 mm, 2°
Instrument: DHR

Pre-shear Protocol: 500 s~ for30s
Wait time after

pre-shear (t,,) : 10s.
Input: 0 = ogsin(wgt)
O'0= 01 Pa
wo = 1rad/s

Thixotropic Lissajous Curve
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Parallel Superposition & Gaborheometry During Start-Up of Shear Illil-

* In a thixotropic elasto-visco-plastic (TEVP) material the stress typically evolves on two (often) distinct
time-scales; viscoelasticity characterized by t,, and thixotropy, characterized by ¢,
« Impose y(t) = yot + yo sin wt Monitor stress evolution in time:

Y = Yo * Yo coswt a(t, w,70) = Nefr(t, Vo) Yo + Yo{Gj|(w, t)sinwt + G| (w, t)coswt}

« Extract each component using Gabor transform with the optimal window aw = 2.63
Lissajous projection illustrates VE response
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Compare with a Viscoelastic Polymer Solution (3wt% high MW PIB in Paraffin) |||i|-

A w = 5rad/s _ o o
 Monitor the oscillating stress evolution in time:
30
T Brosh 0.01 + 0.01w(cos wt); o(t,w,yo) = n*(t vo) Yot VO{G|I|((U: t)sinwt + G|'|'(a), t)COS(Ut}
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Gabor-PSP rheometry for a silica dispersion at a high shear rate (Wi >>1) Il I i |-

1 w = 1rad/s » Shear-melt the viscoelastic microstructure at high y,
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...s0 finally...a clear rheometric way to systematically distinguish Thixotropy from Aging ll I

1 Pump w = 1rad/s
_30 External drive
TU) Preshear O'wwt); Aging
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PPR: Pump/Probe Rheometry (Schematic Thermodynamic Representation) -

» Drive the system out of (local/instantaneous) equilibrium state using shear (pump) and probe resulting
state and its evolution in time using small amplitude oscillatory shear (SAOS)
* In each case system seeks to minimize its Helmholtz Free Energy, but different terms dominate

» Parallel Superposition Rheometry (with Gabor transform for optimal separation of elastic, viscous and
plastic contributions) in wet suspensions: Thixotropic Elastoviscoplastic (TEVP) fluids
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