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What simulations tell us about granular suspension rheology?



Dense suspensions

Solid particles
+ suspending fluid
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Dense suspension rheology - Light-speed review

1905 : Einstein, diluted regime

n=mno(l+2.59)

1970-1980 : semi-diluted regime, hydrodynamic
interactions (Batchelor)

n
>

¢

1990-today : Concentrated regime

(Cates, Wyart, Morris, Denn...)
2010 - ... : role of local contact forces and inter-particle friction

--> Necessary to rationalize complex non-newtonian flow behaviors

--> Allows to make the link with the specificity of the
formulation/physicochemistry in industrial contexts

Can these local interaction forces be measured at the
nanoscale and connected to macrosocopic material properties?
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1.1 Surface Forces
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1.1 Surface Forces The Derjaguin Approximation

R, R2
—>
D
—>
D
Forces F(D) between two particles Interaction energy per unit area
D < Ry, R, F(D) = 2R W (D) W(D) [).m?]
] 1 1 1
wit =+
Reit  R1 R

- Interaction forces can be extrapolated from various experimental situations
- Simplifies estimation of interaction forces based on analytical calculation of
the interaction energy




1.1 Surface Forces Van Der Waals Forces

"Dispersive forces”: exist between all bodies
Originate from interactions between fluctuating dipoles in the material

Interaction energy between two particles Interaction energy per unit area between two surfaces
universal scaling Hamaker constant A [J]
O O , 1 =) oy
vaw 6 = —
r 127D?
—p
D

3
Lifshitz theory for symmetric interfaces A= 7 kT

2
es —e\2  3hve (n§—nf)
(e —€ ) * V2 (2 1 n2)3/?

A > 0 — Van Der Waals interactions are always attractive
and depend on the dielectric/optical index contrast

Example of experimental situations :

Order of magnitude : inair: A ~ 1071° , = :
solid particles in an organic solvent

in liquid: 4 ~ 10721 — 10729



1.1 Surface Forces Van Der Waals Forces

Measurements of Van Der Waals forces in water,
(between two mica surfaces with R =1 cm)

0
Q-0
Retarded regime
€ -01f
Z
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| ()]
% ~0.2 £
i & FIR=-A/6D?
S o
5 = A=22x10"20
C(Eu -0.3 g
Autumn, Kellar, et al. "Evidence for van der Waals adhesion g %’
in gecko setae." Proceedings of the National Academy of E —o4 b ’g
Sciences 99.19 (2002): 12252-12256. ' >
_ | [N AN N N NN N N
Typical adhesion energy in air : 0'50 5 10

5 Distance, D (nm)

W(a) = — ~ 60m].m"

12ma?

Molecular distance a = 0.2 nm
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1.1 Surface Forces Electrostatic/double layer forces

Interactions between charged surfaces in solution

o ol Why do surfaces get charged?
— P @D |- ) HO OH
€ P lonizable surface Ho 5—S~sf. OH
— | P — A~0"\ T 0-Ssiy
S o\ o o 40
— (P @D (— Silica/glass surface in air ¢ O—g _SiT .
/ \O O\ O
— ,O ] N \
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Polyelectrolytes Hydrophobic surfaces

VAV

11




1.1 Surface Forces Electrostatic/double layer forces

Interactions between charged surfaces in solution Counterion distribution is given by Poisson-Boltzman distribution
(o} )
_ @D |- .
@ € @ + + Debye Screening length
_ -+
—| D i kgTee, 0.3 nm
@ @ @ + + AD = =~
- - - 2 —
_ ] 2q°Ngc/ | [c (mol. L71)

_Pa
o &

Ap
b I
Surface charge

density o [C. m?2] o ~ 10 mC.m2for silica in water

P .
- + =~ 100 nm in DI water
@ — } + =10 nmin 1 mM salt
S, =1 nm in 100 mM salt
>

A
v

«<

Electric Double Layer interaction energy

(linearized form) Experimental situations : particles in water

2 Tuning the screening length = salt concentration
Wi h) = 20°Ap h Tuning the surface charge - pH
epL(h) =———exp|——>
€Eo€r /1D
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1.1

Surface Forces

“DLVO” surface forces (Derjaguin, Landau, Verwey, Overbeek)
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Interaction energy, W
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Electrostatic/double layer forces

Wprvo = Wyaw + WepL

Surface interaction W () m ™)

e C=0.001molL1?

—— Kk 1=8nmm
e C=0.01mol-L?
—— Kk 1'=2nm

C=0.1molL1?
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(AFM data from Guilhem Mariette)
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1.1 Surface Forces Electrostatic/double layer forces

Relevance of electrostatic double layer forces at the macroscopic scale of the suspension

4005 (°)

301

20

10

O_I Lrrrm BRI oo T DAL |
107° 1073 10~1
[NaCl] mol/L

Clavaud, C., Bérut, A., Metzger, B., & Forterre, Y. (2017). Revealing the frictional transition in shear-thickening
suspensions. Proceedings of the National Academy of Sciences, 114(20), 5147-5152. 14



1.1 Surface Forces lonic correlation forces

lonic correlations can lead to the emergence of attractive forces between same-charge surfaces

- Necessary to explain cement cohesion (high surface charge/high salinity/divalent ions like Ca?*)

2
e
“Bjerrum Length” A = yr— ~ 0.7 nm in bulk water
0cr*B

Pressure [GPa]

-
Force (nN)

A e[Ca(OH)21=02mM
1 P a [Ca(OH)2] = 0.8 mM
P [Ca(OH)2] = 3.5 mM
1 el 0 [Ca(OH)2] = 10.3 mM
-1 L J ¢ [Ca(OH)2] = 19.1 mM
d [nm)] i

tip-substrate separation (nm)

Palaia, lvan, et al. "Like-charge attraction at the nanoscale: ground-state

correlations and water destructuring." The Journal of Physical Chemistry B

Plassard, Cédric, et al. "Nanoscale experimental investigation of
126.16 (2022): 3143-3149.

particle interactions at the origin of the cohesion of cement."
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1.1 Surface Forces Polymer induced steric forces

Example of the effect of superplasticizer on cement rheology

P
‘ " 5 Fhe Concrete Countertopiinstitute
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Force/Radius, F/IR (mN/m)

1.1 Surface Forces

Coverage (mole %)
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100 * 45 |
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Distance, D (A)

Grafted PEO in water

500

Polymer induced steric forces — grafted chains

« Mushroom »

Steric repulsion of entropic origin.

Approximate interaction energy for mushrooms:

W(D) =~ 36.T.kgT.e P/Re

Surface coverage Characteristic
density I' (m™) distance R,
For polymer brushes o 3
o) ~tn it () - (2]
~ B D 2L

3
~ 32 -T2 kT.e ™P/L

“Alexander-de Gennes”
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Force/Radius, F/R (mN/m)
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1.1 Surface Forces
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Polymer induced steric forces — grafted chains
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Distance, D (nm)

Polystyrene in toluene

150

« Mushroom » « Brush »

Steric repulsion of entropic origin.

Approximate interaction energy for mushrooms:

W(D) =~ 36.T.kgT.e P/Re

Surface coverage Characteristic
density I' (m™) distance R,
For polymer brushes o 3
oDy = kT [ [ 2INE /D z]
~ A2, 11— - [—
(D) ~ ke (D) <2L>

3
~ 32 -T2 kT.e ™P/L

“Alexander-de Gennes”
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1.1 Surface Forces Polymer induced steric forces — adsorbed chains

Additional complexity

(i) Unit repeats of the polymer chains attach and detach from the surface
(ii) Polymer chains can exchange with the volume acting as reservoir.
- The number of anchoring sites is not known.

19



Force/Radius, F/IR (mN/m)

1.1 Surface Forces Polymer induced steric forces — adsorbed chains

Additional complexity

(i) Unit repeats of the polymer chains attach and detach from the surface
(ii) Polymer chains can exchange with the volume acting as reservoir.

- The number of anchoring sites is not known. Nonspecific

102

N
o

Range of the steric forces higher than the
giration radius of the adsorbed polymer chain

Physisorbed
Segments

Forces dependent of the adsorption time

—_

Hysteresis

Attractive “bridging” interactions

107"

0 50 100 150 200
Distance, D (nm)

High MW PEO (10° g.mol) adsorbed
on mica surfaces
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1.1 Surface Forces Polymer induced steric forces — adsorbed chains

Case of superplastifying molecules Additional complexity
(i) Unit repeats of the polymer chains attach and detach from the surface
Negatively j 2 g W (ii) Polymer chains can exchange with the volume acting as reservoir.
charged - - The number of anchoring sites is not known. Nonspecifo
backbone Y T —L % ..... PN

Range of the steric forces higher than the
giration radius of the adsorbed polymer chain

Physisorbed
Segments

1234

Non adsorbing
hydrophilic side
chains

Forces dependent of the adsorption time

Hysteresis

Attractive “bridging” interactions

CH,
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1.1 Surface Forces Other near-surface forces

hydrophobic interactions, solvation forces...

Solvent and surface specific near-surface forces

( a ) No solvation ( d )

(hydration) shell \ T T T T T e T T T T T T T
\ I GJ‘
\ £ >
Increasing Z . . | O7 -
T hydrophilicity £ 10 [f«— Steric-hydration S 1
Force @ force () 2
| REPULSION E = E:
)
- =] 0
(b) shell g & 10~"
= 1+ [0) 0
04 3 =
o
~~
3
Adhesive | | =
contact | | ATTRACTION o 01 1072
W :
. >
Increasing i)
hydrophobicity S
o
O]
| - ] ] ] ] ] o 0.01
0 50 100

D/o Distance, D (nm)

22

Energy, W (mJ m~2)
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1.2 Solid Friction Amonton-Coulomb laws

Amonton—Coulomb empirical laws Leonardo da Vinci (1452-1519).

1. The friction force Fr is directly proportional to the applied load Fy
2. The friction coefficient u is independent of the apparent area of contact, A.
3. The kinetic friction force is independent of the sliding velocity v.

Fr = uky Hs > g u€[0.1,1]
0.8 I | T
Fr/Fx At rest| Stuck Sliding
v 0.6 1
_FT T . e Mg
.“Oooo 0 00 6 go00 00 00
0.4 — °
> — ’[
A 0.2 1 o
[ ]
e
®
0.0 —|o oee oef”
| | |




1.2 Solid Friction Real area of contact

Bowden and Tabor (1940...): Key role of the real contact area A

Macroscopic interfaces are rough, and contact occurs only on top of asperities

AN
NP

o
S

v

Experimental observations: A

* The real contact area is much smaller than the apparent contact area.

Ag<< A
* The real contact area increases with the normal load.
ARN I:N

Plastic deformation of the asperities

FN = O'y.AR FT = TO'AR
T
u = — is a material property
Oy

(See Greenwood-Williamson, Bowden-Tabor, Fuller and Tabor,
Archard, Persson... for multi-asperity contact models)

Q‘ ﬂf Aasd
// ’ ‘ Roughened
\ | surfaces ™

T

I
Monochromatic light

Dieterich, J. H., & Kilgore, B. D. (1994). Direct observation of
frictional contacts: New insights for state-dependent
properties. Pure and applied geophysics, 143, 283-302.



1.2 Solid Friction

Break-down of Coulomb law

(Tip of 140 nm radius)

500 T T T
Geometrical effects : breakdown of linear relationship between Ag and Fy
- Nanometric contacts 400 b -
- Soft materials (e.g. ela_stomers...) - scan direction >
- Smooth surfaces (e.g. in surface force apparatus) s 300} @ A o .
= o
Fr =1o.4r g g2
. . . . 2 200F 3€E -
with AR from JKR theory (elasticity + adhesion) = o
) JT3/2R
A2 =T_XI 4 37Ry + +/67RyL + (37Ry)] fook ficton 5 | | lever |-
K 9 o twist
Complex relation between shear stress and contact pressure L= sample ,gv ,
40 ‘ | - . -200 -100 0 100 200 300 400
pa .
350 (a) . /./.4 | 08 L | Externally Applied Load (nN)
30 g0 *° o °
» < o6l o 7
= 251 Y 4 408
S 2 . & * ;
< B * 1 g o04p e 1 Could this breakdown happen at
& 5L ) _ g= (] o1 P 4 . .
_ S 2° e g0 3 the colloidal/particle scale?
T=f(p) E Z
10- =020 e r g
o Ll vl T
S 7 !. So00roa 1 10
0 I \ \ I I | L 0 ' ' ‘
0 10 20 30 40 50 60 70 80 0 0.5 1 1.5 2
p (MPa) Normal load (N)

Carpick, R. W., Agrait, N., Ogletree, D. F., & Salmeron, M. (1996). Variation of the interfacial shear strength and adhesion of a nanometer-sized contact. Langmuir, 12(13), 3334-334?6
Bureau, L., Baumberger, T., & Caroli, C. (2006). Non-Amontons behavior of friction in single contacts. The European Physical Journal E, 19, 163-169.



Lateral force, F| (nN)

1.2 Solid Friction Aging effects
600 750 -
A
RH = 60% v/
= 3001 L
450 - A
4 150 L7
70
0 - A : :
300 - 0.01 01 1 10 100 1,000
Hold time, t, 4 (s)
150
0
0 100

Lateral displacement, D (nm)

AFM Friction between SiO, surfaces at controlled humidity

« Slide-hold-slide » protocol
X(t)

o

Hold time thold
—

Dependence of the static friction force on the waiting time
Logarithmic ageing law : Fg ~ log(tno14)

Geometric/Plastic aging

Slow plastic creep at the contacting asperities

Chemical Aging

Interfacial chemical bonding
(e.g. hydrogen bonding, siloxane Si-O-Si bridging)

Dieterich, J. H., & Kilgore, B. D. (1994). Direct observation of frictional contacts: New insights for state-dependent properties. Pure and applied geophysics, 143, 283-302.

27

Li, Q., Tullis, T. E., Goldsby, D., & Carpick, R. W. (2011). Frictional ageing from interfacial bonding and the origins of rate and state friction. Nature, 480(7376), 233-236.
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1.3 Measuring Forces Surface Force Apparatus

Crossed cylinders Light to

geometr spectrometer i

Microscope 3

objective i Upper
Piezoelectric positioning
tube rod

Mica sheets

on silica Moveable
disks clamp

Main support

Clamp
adjusting
rod

Variable
stiffness
force-
measuring
spring

P Pl ) 131/225

Tabor, D., & Winterton, R. S. (1969). The direct measurement of normal and retarded van der Waals forces. Proceedings of the
Royal Society of London. A. Mathematical and Physical Sciences, 312(1511), 435-450. 32



1.3 Measuring Forces Surface Force Apparatus

Resolution in displacement = 0.1 nm
Stiffness K ~ 103 N.m!
Force sensitivity : 100 nN

Large surfaces R = 1-10 mm

Quantity to compare for
surface forces : F/R~ 10 pJ.m™

+ Ultra-high sensitivity
+ Direct visualization of the shape of the contact through interferences

+ Knowledge of the “absolute zero” corresponding to contact

- Limitation to mica/mica contacts
- VERY difficult experiments »



1.3 Measuring Forces Atomic Force Microscope

Quadrant
displacement
sensor

|
|
el I\ | ateral

Light beam
~

Cantilever
displacements
ADQ//_

T

Surface

MikroMasch

Nanosensor




1.3 Measuring Forces

Quadrant
displacement
sensor

I
I
% Lateral

Dormal
J8

&;‘ht beam Strain %@ADO
gauge
/ % Piezo
transducer
Cantilever -7 Cantilever spring

displacements

AD(;///_

Q&

Ke

Surface

Atomic Force Microscope
Resolution in displacement ~ 0.1 nm
Stiffness K~ 102 - 10 N.m™

Force sensitivity ~ 10 pN

Sharp tips

+ Tunability in terms of force range
+ Versatility in terms of materials
+ Easier than SFA due to small contact radius (but still not “easy”)

- No knowledge of the absolute contact
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1.3 Measuring Forces Atomic Force Microscope - Friction

Normal Forces Tangential/Frictional Forces

Fr

CaCl2 1M Scan Size200n f1

1501 Normal force :
Bruker Nanoscope V 1001 —— 80nN
— —— 440 nN
e
< 50
s 0
O
‘= =501
L
—100+

0 50 100 150 200
Position (nm) 38



1.3 Measuring Forces Jump to contact instability

Intrinsic limitations for the force resolution : “Jump to contact” instability

A Out

REPULSION

Al |
K *In
% dF
S 'LD When |E| > kspring
5 aEy

Distance, D <—1n Intrinsic to all force measurements relying on a
deflecting spring (SFA, AFM...)

Force, F (D)

Practical challenges :

Thermal Drift
Vibrations/stability

Calibration

Surface and system preparation
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1.3 Measuring Forces Dynamic force measurements

Complex mechanical impedance : Z* = F*(w)/ay, = Z' +i.Z" [N/m]

“in phase” “out of phase” LJ
elastic forces dissipative forces
Disentangle dissipative and conservative interactions Z’ 2"

Tuning Fork based AFM E.cos(2m.f.t)

— 1.5
a.cos(2m.f.t + @) E
OF | S 1f
m$+FD+(k —&U)$=Fexte“"t 'g
a
Dissipation Stiffness Piezoelectric forcing e
< 0.5
Stiffness ko =10* N.m-? : : : : . .
Quality factor Q= 10* -10 -5 0 5 10 15

Dynamic stiffness k,/Q Frequency Shift &f (Hz)



1.3 Measuring Forces

Dynamic SFA/AFM

(a)

@
A
1

Dynamic force measurements

Villey, R., Martinot, E., Cottin-Bizonne,
C., Phaner-Goutorbe, M., Léger, L.,
Restagno, F., & Charlaix, E. (2013).
Effect of surface elasticity on the
rheology of nanometric liquids.
Physical review letters, 111(21),
215701.

Zhang, Z. (2020). Nano-rheology at
soft interfaces probed by atomic
force microscope (Doctoral
dissertation, Université de
Bordeaux).



1.3 Measuring Forces

An example : Elasto-hydrodynamic interactions

Z" = F'(w)/a,

Z'+1i.Z"” [N/m]

ho

Dynamic force measurements

250 L L L L | T 1000 E
F T E
& a) ] E oo e
K (@ 1 ook i
200 ,_.:'-.1:'“;‘-._. ] 7
S o
;?' MY :
€ 150F % 1 :
E i : E 1 ?
\Z:*: [ "'a_‘ 2 ~ :
N : e, _\z: SN 3
- ) 0.01F
50? -a VA \ ] ;
[ 4 ——— ] 0.001 £
ol L |M""'-,- , ] : |
5 10 15 20 25 30 0.00010 ; ,“1

D (nm)

10

D (nm)

100

Villey, Richard, et al. "Effect of surface elasticity on the rheology of
nanometric liquids." Physical review letters 111.21 (2013): 215701.




1.3 Measuring Forces Other approaches

Optical Tweezer TIRFM

a b

v
_

W
e —
Reflected ray
Fgrad F
© refractio ]
| Interaction
reflection pote ntial,
F

scat W(D)

Refracted ray

glass; ‘D

Density
distribution,

p (D)

f;,

&
lep.. .
“\7‘5‘/()\,7k 0

Bustamante, C. J., Chemla, Y. R,, Liu, S., & Wang, M. D. (2021). Optical tweezers in
single-molecule biophysics. Nature Reviews Methods Primers, 1(1), 25. 43
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G (kPa)

2.1 Contact Ageing Macroscopic aging

« Attractive » Silica and PMMA suspensions at high salt concentrations

Slow temporal evolution of the macroscopic elastic modulus

600

500

400

300

200

100

T T T T T T T LI T T T T T T T T T T T T T T T

@ 2a=0.7 um, ¢ = 0.380
O 2a=1.0um, ¢ = 0.380
‘O 2a=1.6um, ¢ = 0.380
"0 2a=1.9um, ¢ = 0.365

Macroscopic aging occurs without
structural rearrangements

I=0.15M

Bonacci, F., Chateau, X., Furst, E. M., Fusier, J., Goyon, J., & Lemaitre, A. (2020). Contact

L1 | per Lol Lol Ll

10’ 102 10° 108 and macroscopic ageing in colloidal suspensions. Nature Materials, 19(7), 775-780.

Time (s
(€) 47



2.1 Contact Ageing

Does microscopic contact stiffness evolve with time?

> -
- ..l. .
MO0 S - ‘.00- ¢ Ax
- d

. ~ owd T e —> Estimation of a “contact
';._.,.,.;,',’.. SOL stiffness” ko [N.m™]
. . -
X >

Three-point bending test using
optical tweezers

Bonacci, F., Chateau, X, Furst, E. M., Fusier, J., Goyon, J., & Lemaitre, A. (2020).
Contact and macroscopic ageing in colloidal suspensions. Nature Materials, 19(7), 775-780.

Microscopic contact evolution

,
40me@

——

wwnnuu

cocooo

o

LI

3 particles
3 particles
1 particles
3 particles
1 particles

oouIuno
zzz==

Ll vl

\\,

10°

10’ 102
Time (s)

k, increases with time

ko ~ log(t)*/3
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2.1 Contact Ageing

600

400

300

G (kPa)

200

100

0 1
10°

Macroscopic suspension aging stems from
microscopic contact stiffening

T

T

:|:| 2a=0.7 um, ¢ = 0.380
O 2a=1.0 uym, ¢ = 0.380
'O 2a=1.6um, ¢ =0.380

rO2a=1.9pm, ¢=0.365
500 - um, ¢

I=0.15M

Time (s)

10*

. ® /=0.10 M, 13 particles
0.6 = /=0.15 M, 13 particles
L0 [=0.15 M, 11 particles
rv [=0.20 M 13 particles
0.5 [V 1=0.20 M, 11 patrticles
I microscopic
I " structure contact stiffness
0.4 / . /
[ / 5
0.3} G'(t) =—xko(t)
[ a
02t i /
# - Particle radius
0.1+
I 'go*
I Ko
0 | Lol

10° 1o1 1o2 10°

Time (s)

Bonacci, F., Chateau, X, Furst, E. M., Fusier, J., Goyon, J., & Lemaitre, A. (2020).
Contact and macroscopic ageing in colloidal suspensions. Nature Materials, 19(7), 775-780.

10*
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2.2 Shear

Comtet, J., Chatté, G., Nigues, A., Bocquet, L., Siria, A., & Colin, A. (2017). Pairwise frictional profile between particles

Thickening

Macroscopic characterization

'\
@ ®
O L )
20 GQ h
m ®
%

(PVC particles in plasticizer)

determines discontinuous shear thickening transition in non-colloidal suspensions. Nature communications, 8(1), 15633.
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2.2 Shear Thickening Probing microscopic interactions

1 pm
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2.2 Shear Thickening Normal force profile
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2.2 Shear Thickening Tangential frictional profile
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2.2 Shear Thickening Threshold in the frictional behavior
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2.2 Shear Thickening Relationship with the shear-thickening transition
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2.2 Shear Thickening From micro to macro
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2.3 Shear Thinning
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2.3 Shear Thinning
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2.3 Shear Thinning "

PVC particles in plasticizer
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2.3 Shear Thinning Interpretation
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General Outline
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24 Roughness and Friction Controlling colloidal roughness

Controlling colloidal roughness Roughness affects the
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2.4 Roughness and Friction

Controlling colloidal roughness
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2.4 Roughness and Friction

Correlating friction coefficient y and the critical volume fraction ¢,
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3. Opening — Rolling Friction
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3. Opening — Watching contacts?
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