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Wall slip in flows of Soft Glassy Materials

A short review & some perspective
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Outline

» What is wall-slip?
Macroscopic approach & observable: slip velocity

» How to measure slip velocities?
Direct & indirect methods

» How does wall slip impact steady-state flows ?
Flow curves measurements

v Results for (dense) suspensions of hard particles
Hard sphere-like or attractive interactions

v" Results for jammed assemblies of soft particles
Discrepancies in the scaling of the slip velocity

v" Results on a system of soft particles of tunable size
Scaling of slip velocities in p-NIPAM for different temperatures

» How does wall slip impact transient flows... (and steady-state)?
Wall slip associated with shear-start up flows & yielding transition




From dilute suspensions... to soft glassy materials
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What is wall slip?

Yoshimura & Prud’homme

J. Rheol (1988) I-_us__1 Dilute suspensions/gels (hard/soft particles)

L-” Apparent depletion
Shear-rate

|’ Y, Hartman Kok et al, J. Colloid Interface Sci. (2004)
N S + “Discussion: Migration” by E. Guazzelli — Jan. 29th
, S i Lubrication layer

Particle Slip laver
) Study System radms R thickness &
al and Kalvon Glass spheres i polyvmer binder ~ 30 pm 1.6 um
(1994) (¢p = 0.63)
Buscall er al. (1993)  Stabilized latex particles i organic 160 nm 2 pm — 3 nm
solvent +nonadsorbing polymer (¢~ 02 — 0353)
Princen (1985) Concentrated silicone o1l in water =0 um = 20 nm
emulsions
\ Jammed soft pa rticles and Grant Sil;:hlgaﬂiflesf grafted p::nl}-'{!:rut}-'l == 70 nm < 1 nm
crylate) in a poor solvent
N ~ d Salmon ef al. (2003) Monodisperse silicone o1l in =1 pum 10 nom — 90 nm
—_— water/glycerol emulsion (¢ = 0.73)
This work Microgel pastes 220 nm = 2—-10 mm

Meeker et al., J. Rheol (2004)
Seth et al., Nature Materials (2011)




What is wall slip?
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How to measure slip velocities? [Indirect method]

v'Measure the flow curve with smooth surfaces for different gap size
Dense emulsion $=0.9
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Yilmazer & Kalyon, J. Rheol. 33 1197 (1989)

Wein & Tovchigrechko, J. Rheol. 36, 812 (19492)
Hartman Kok et al., JCIS 280, 511 (2004) Mooney J. Rheol. 2, 210 (1931)
Meeker et al., J. Rheol. 48, 1295 (2004) Yoshimura & Prud’homme J. Rheol. 32, 53 (1988)
etc.  Helal et al. Phys. Rev. Applied 6, 064004 (2016). Kiljanski, Rheol. Acta 28, 64 (1989)




How to measure slip velocities? [Direct methods]

*Note that NMR Velocimetry has been barely used to measure V,

v'Rheology coupled to a velocimetry technique
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Wall slip in suspensions of particles below jamming
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v’ Scaling of the slip velocity with the shear stress ¢ ? | Glass sphe}es
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Wall slip in suspensions of particles below jamming

v'Evolution of the slip layer thickness with ¢ and Pe
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The slip layer thickness decreases <
with the applied shear-rate 2
Hartman Kok et al., J. Rheol 46, 481 (2002)
Hartman Kok et al., JCIS 280, 511 (2004)
0

The slip layer thickness decreases
~linearly for increasing packing fractions.

Kalyon, J. Rheol 49, 621 (2005)
Ballesta et al., J. Rheol. 56, 1005 (2012)

Remains true in presence of “weak”
attractive interaction (depletion)

Buscall et al., J. Rheol 37, 621 (1993)

Ethylcellulose & PS particles

2 AEC a= 191 nm rheology
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Wall slip in jammed suspensions of soft particles

v Scaling of the slip velocity with the shear stress ¢ for 6 < ¢_?
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Wall slip in jammed suspensions of soft particles

v Scaling of the slip velocity with the shear stress ¢ for ¢ > ¢_?

v, = cste -+ V, G + V, o o2
10°
|
Microgels |/ T 5
?ﬁff s Emutsion ] SULCLUE B
~ 10" > ! | . _
> . 100 14
= * @0 - : =
o8| E 7 ' s
— - = ] J —_
= 107 /./‘3 | —o  50- . _ >7
= | o ]
» I 251 {’C':& I‘ il
* IC ~ O Wg VO '
10° = ¥ 0 2 4 6 8 1012 14 16 18 O 0 e o
1 10 10C Pal o, (Pa)
o—0'. (Pa) oLre Salmon et al., Eur. Phys. J. E (2003)
Meeker et al., Phys. Rev. Lett. (2004) Seth et al., Soft Matter (2012) 60

Microgels

Why such apparent discrepancies in the scaling of ; o
the slip velocity in dense suspensions of soft .
particles above the vield stress ?

0 2 4 6 8 10

Geraud et al., Eur. P\z\gs. J. E (2013)



Temperature sensitive p-NIPAM microgels

poly(N-isopropylacrylamid) microgels
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¢ speckle tracking algorithm = v(r,t) sin 6

e spatial resolution ~ 40 pm

e temporal resolution ~ 0.1 s per velocity profile

Rheology & time resolved velocimetry

* Rheometer: MICR 301 (Anton Paar)
eGape=1mm
e Surface roughness ~ 15 nm (polished plexiglass)

polystyrene microbeads
(Dynoseeds TS, 20 um diameter, density 1.05)

S. Manneville et al., Eur. Phys. J. AP (2004)



How to determine the scaling of the slip velocity ?
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Scaling of the slip velocity at different temperatures

0.8 '
) 15 20 25 30
o (Pa) ¢ » ¢c T (°C) ¢ < ¢c

1) The slip velocity scales as a power law of the viscous stress: v, « (G-G,)P
2) The exponent “p” depends on the packing fraction, including for ¢ > ¢,
3) p goes continuously from 1 to 2




Revisit results from the literature — example A
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Revisit results from the literature — example B
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First round of take home messages

» Be aware that wall slip may be present for 6 > c_!

» The slip velocity v, scales as a power law of a stress difference (c-0 ,, ):

and depends of ¢ v (o) < [c-0]!  v((o) x [c-c ]} v (o) o [6-6,]12

¢ <. ¢~ ¢ 0> ¢
» The power-law scaling introduced in Mecker et al. Phys. Rev. Lett. (2004)
extends above the yield stress.

> Effect of the geometry/particle-particle interactions?

» Modeling ? Need for spatially-resolved models!
* Recover the power-law scaling of the slip velocity
* Test the influence of the adhesion to the wall, Brownian effects, etc.
 Comparison Chemistry (adhesion) vs Mechanics (surface roughness)

T. Divoux, V. Lapeyre, V. Ravaine & S. Manneville, Phys. Rev. E 92, 060301 Rapid Com (2015)




Wall slip & yielding (solid—liquid transition) — stick-slip
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Wall slip & yielding (solid—liquid transition) — intrinsic slip
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Wall-slip may take place during the fluidization of SGM
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Wall slip = intrinsic behavior

 Wall-slip takes place at the wall & from the very early
stage of the yielding process
= Wall slip as a limit case of shear-banding phenomena?
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Divoux et al., Phys. Rev. Lett. (2010)
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Wall slip & yielding (solid—liquid transition) — driving the steady-state
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Final Take home messages

Wall slip & transient flows:

e Wall slip often leads to stick-slip behavior at “low enough” shear rates

* Wall slip goes had in hand with solid=>liquid transition = intrinsic behavior,
i.e. may not be suppressed by modifying the boundary conditions

* Fostering wall slip may strongly affect the steady-state behavior, when
investigating the solid—>liquid transition.

Letter to the Editor: Wall slip in dispersion rheometry

Richard Buscall®

MSACT Research & Consulting, Exeter EX2 8GP, United Kingdom

Even though our appreciation of the importance and ubiquity of wall slip has grown substantially
over the last decade or two, it is still common to find papers on disperse systems wherein scant
details of the measurement methods are given and where no mention of the possibility of slip is
made. It seems then that there is a need still to raise awareness and to promote the idea that the
rheometry of disperse systems is not so straightfoward as it might seem. It takes experience,
judgment, and skill to make meaningful measurements on disperse systems and it is suspected that
the nature of the experimental challenge is under-estimated grossly by too many workers even
now. Slip is not merely a rheometric complication; of course, it an intrinsic feature of the response
of disperse systems and one deserving of more attention in its own right. © 20/0 The Society of

Rheology. [DOI: 10.1122/1.3495981 ]



