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Complexity in model systems Simplified industrial dispersions

Analytical, structural and rheological
methods tailored to interrogate structure
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 Objectives 
 Shear thickening : roughness and adhesion
 Thixotropy : strength and adhesion
 Conclusions / outlook              
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500 nm 100 nm

h: asperity height
d: inter-asperity distance 

Dimensionless 
roughness parameter

h/d 

d
h

≈0

0.45±0.049 0.53±0.0470.36±0.039

0.25±0.028 0.31±0.035

Scale bars = 500 nm

C. P. Hsu et al., PNAS 115, (2018).

Model rough colloids
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Sedimentation 

5.7% 51.6%
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After 
centrifugation

H/L = 𝜙m

h/d
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𝜙 m

Higher h/d ➡ 
Lower 𝜙m

𝜙m, frictional packing fraction

C. P. Hsu et al., PNAS 115, 

characterization 
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Rheology Meets Tribology

h/d
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C. P. Hsu et al., PNAS 115, (2018).

surprisingly simple relation

(topographic friction)

characterization : AFM 
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Impact Test and Shear Rheology 

h/d ≈ 0

CST to DST

h/d ≈ 0.53

No CST

𝜙 = 48%

Smooth, 𝜙m = 59.2%

RB_0.53, 𝜙m = 44.7%

48% 58%

36% 44%

C. P. Hsu et al., PNAS 115, 
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Vol% of smooth particles 

Friction between particles 

Scale bars = 500 nm

Large increase in 𝜙m

Large increase 
in 𝛾c

∙
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Rheology Meets Tribology
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Interparticle Hydrogen Bounding 

Urea
R

O O

H H

NHHN

OA B

What is the role of adhesion introduced 
by interparticle hydrogen bonding?

N. James & C. P. Hsu et al., JPCL 10, (2019).
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Adhesion ⬌ Friction 

A

B

A

B
Ffriction = F0 + µ·L

µ = 0.33 µ = 0.22

0M 6M

1 hr equilibration
in 69% (v/v) glycerol/water

Fad = 10.0 ± 2.5 nN
Fad ≈ 0.1 nN

N. James & C. P. Hsu et al., JPCL 10, (2019).
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Connection to Bulk Rheology 

A C

B

time0M

6M

High-shear rheology ⬌ frictional 
interparticle interactions

Urea sorption onto the particle 
surface 

µ ⬇, F0 ⬇ 

𝜙m ⬆, 𝜂max ⬇

time

In 69% (v/v) glycerol/water
𝜙 = 56 %

N. James & C. P. Hsu et al., JPCL 10, 

A C

B

time

Krieger-Dougherty relation

η = η0 ⋅ (1 −
ϕ
ϕm

)−α
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PNIPAM-grafted Model Colloids 

dSM

dRB

NIPAM

SI-ATRP
1.03dSM

1.09dRB

40 °C

1.09dSM

1.22dRB

20 °C 31 ± 3 nm

12 ± 2 nm

80 ± 5 nm

31 ± 5 nm

85 ± 6 nm

33 ± 3 nm

84 ± 6 nm

35 ± 4 nm
Scale bars = 500 nm

SM_PNIPAM RB_0.36_PNIPAM

RB_0.46_PNIPAMRB_0.52_PNIPAM

C. P. Hsu et al., arXiv:2004.05970, (2020).
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Friction ⬌ Adhesion  
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Fad = 4.2 ± 0.9 nN
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C. P. Hsu et al., arXiv:2004.05970, (2020).
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C. P. Hsu et al., 

Δ𝜙* = (𝜙m — 𝜙)/𝜙m

Friction ⬆ Adhesion ✔

Friction ⬇ Adhesion ✖
⇳𝜙(T)

40 °C 20 °C20 °C
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 Thixotropy : strength and adhesion
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80% cyclobromohexane 20% cis-decalin

Mw = 925kDa
<latexit sha1_base64="yBqUYWsjWw+nDYgd5T7BiztjCtY=">AAAB9HicbZDLSsNAFIZP6q3WW9Slm8EiuCpJUdSFUNSFG6GCvUAbymQ6aYdOJnFmUimhz+HGhSJufRh3vo3TNgtt/WHg4z/ncM78fsyZ0o7zbeWWlldW1/LrhY3Nre0de3evrqJEElojEY9k08eKciZoTTPNaTOWFIc+pw1/cD2pN4ZUKhaJBz2KqRfinmABI1gby7vrPKFLdFE+RYMb3LGLTsmZCi2Cm0ERMlU79le7G5EkpEITjpVquU6svRRLzQin40I7UTTGZIB7tGVQ4JAqL50ePUZHxumiIJLmCY2m7u+JFIdKjULfdIZY99V8bWL+V2slOjj3UibiRFNBZouChCMdoUkCqMskJZqPDGAimbkVkT6WmGiTU8GE4M5/eRHq5ZJr+P6kWLnK4sjDARzCMbhwBhW4hSrUgMAjPMMrvFlD68V6tz5mrTkrm9mHP7I+fwA2lZBs</latexit><latexit sha1_base64="yBqUYWsjWw+nDYgd5T7BiztjCtY=">AAAB9HicbZDLSsNAFIZP6q3WW9Slm8EiuCpJUdSFUNSFG6GCvUAbymQ6aYdOJnFmUimhz+HGhSJufRh3vo3TNgtt/WHg4z/ncM78fsyZ0o7zbeWWlldW1/LrhY3Nre0de3evrqJEElojEY9k08eKciZoTTPNaTOWFIc+pw1/cD2pN4ZUKhaJBz2KqRfinmABI1gby7vrPKFLdFE+RYMb3LGLTsmZCi2Cm0ERMlU79le7G5EkpEITjpVquU6svRRLzQin40I7UTTGZIB7tGVQ4JAqL50ePUZHxumiIJLmCY2m7u+JFIdKjULfdIZY99V8bWL+V2slOjj3UibiRFNBZouChCMdoUkCqMskJZqPDGAimbkVkT6WmGiTU8GE4M5/eRHq5ZJr+P6kWLnK4sjDARzCMbhwBhW4hSrUgMAjPMMrvFlD68V6tz5mrTkrm9mHP7I+fwA2lZBs</latexit><latexit sha1_base64="yBqUYWsjWw+nDYgd5T7BiztjCtY=">AAAB9HicbZDLSsNAFIZP6q3WW9Slm8EiuCpJUdSFUNSFG6GCvUAbymQ6aYdOJnFmUimhz+HGhSJufRh3vo3TNgtt/WHg4z/ncM78fsyZ0o7zbeWWlldW1/LrhY3Nre0de3evrqJEElojEY9k08eKciZoTTPNaTOWFIc+pw1/cD2pN4ZUKhaJBz2KqRfinmABI1gby7vrPKFLdFE+RYMb3LGLTsmZCi2Cm0ERMlU79le7G5EkpEITjpVquU6svRRLzQin40I7UTTGZIB7tGVQ4JAqL50ePUZHxumiIJLmCY2m7u+JFIdKjULfdIZY99V8bWL+V2slOjj3UibiRFNBZouChCMdoUkCqMskJZqPDGAimbkVkT6WmGiTU8GE4M5/eRHq5ZJr+P6kWLnK4sjDARzCMbhwBhW4hSrUgMAjPMMrvFlD68V6tz5mrTkrm9mHP7I+fwA2lZBs</latexit><latexit sha1_base64="yBqUYWsjWw+nDYgd5T7BiztjCtY=">AAAB9HicbZDLSsNAFIZP6q3WW9Slm8EiuCpJUdSFUNSFG6GCvUAbymQ6aYdOJnFmUimhz+HGhSJufRh3vo3TNgtt/WHg4z/ncM78fsyZ0o7zbeWWlldW1/LrhY3Nre0de3evrqJEElojEY9k08eKciZoTTPNaTOWFIc+pw1/cD2pN4ZUKhaJBz2KqRfinmABI1gby7vrPKFLdFE+RYMb3LGLTsmZCi2Cm0ERMlU79le7G5EkpEITjpVquU6svRRLzQin40I7UTTGZIB7tGVQ4JAqL50ePUZHxumiIJLmCY2m7u+JFIdKjULfdIZY99V8bWL+V2slOjj3UibiRFNBZouChCMdoUkCqMskJZqPDGAimbkVkT6WmGiTU8GE4M5/eRHq5ZJr+P6kWLnK4sjDARzCMbhwBhW4hSrUgMAjPMMrvFlD68V6tz5mrTkrm9mHP7I+fwA2lZBs</latexit>

+ PS

Model system

C. P. Royall, M. E. Leunissen, A. van Blaaderen J. Phys.: Condens. 
Matter 15 3581 (2003)

Dissociation of Cyclobromohexane 
creates HBR 

Weak acid - induces charging

TABLE I: Appearance and conductivity σ of CHB from different suppliers after different

treatments. A large variation in dissolved HBr was found, potentially leading to a range of

particle charges.

Supplier Treatment σ [nS/cm] Appearance

Sigma Aldrich as received 0.9 colorless

Sigma Aldrich stored 2 years 2.1 colorless

Alfa Aesar as received 6.4 colorless

Acros Organics as received 3.1 yellowish

Acros Organics alumina cleaned 0.05 colorless

Acros Organics cleaned, saturated HBr 146.3 colorless

Acros Organics cleaned, saturated HBr, 50x diluted 12.2 colorless

as described above. Mixing a stock suspension with a PS solution yielded charge-stabilized

colloid–polymer mixtures. These were loaded in coverslip cells, prepared by gluing standard

#1.5 coverslips with an UV curing Norland optical adhesive 61. Pieces of a #2 coverslip

were used as spacers to obtain a gap of 200 µm. 40 µL of colloid–polymer mixture were

then dispensed in the coverslip cell with a micropipette. A solution of 260 µM TBAC in the

same density matching solvent mixture, and having the same concentration of PS depletant,

was carefully introduced in the cell and contacted with the colloid–polymer mixture. After

sealing the cell with the UV glue, the progression of the TBAC diffusion front and the

resulting gelation were monitored by confocal imaging.

The interaction potential was estimated using the Asakura–Oosawa model. An addi-

tional repulsive term was included in the form of a Yukawa potential for screeened Coulomb

interactions:

ΦY(r) =
Z2

1 + κa

λB

2a

exp(−κ2a[r/2a− 1])

r/2a
(1)

where Z is the number of elementary charges per particle and r the center-to-center

interparticle separation. The Bjerrum length compares the electrostatic potential to the

thermal motion as λB = e2/4πεrε0kBT . The Debye length characterizes the range of the

10

Rhodamine B

Antl et al., Colloids Surf., (1986) 17 , 67 -78
Palangetic, et al. (2016) Faraday Discuss. 191, 325

PMMA-g-PHSA (4) 
2a = 1.2µm
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Rg = 41nm
<latexit sha1_base64="Ygo8aSJpwN51e2BvrUOfHwJOmXs=">AAAB8XicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZEXQjFN24rGIv2A4lk2ba0CQzJBmhDH0LNy4UcevbuPNtTNtZaOsPgY//nEPO+cNEcGM97xsVVlbX1jeKm6Wt7Z3dvfL+QdPEqaasQWMR63ZIDBNcsYblVrB2ohmRoWCtcHQzrbeemDY8Vg92nLBAkoHiEafEOuvxvje4wuc+VrJXrnhVbya8DH4OFchV75W/uv2YppIpSwUxpuN7iQ0yoi2ngk1K3dSwhNARGbCOQ0UkM0E223iCT5zTx1Gs3VMWz9zfExmRxoxl6DolsUOzWJua/9U6qY0ug4yrJLVM0flHUSqwjfH0fNznmlErxg4I1dztiumQaEKtC6nkQvAXT16G5lnVd3x3Xqld53EU4QiO4RR8uIAa3EIdGkBBwTO8whsy6AW9o495awHlM4fwR+jzB9SQj7M=</latexit><latexit sha1_base64="Ygo8aSJpwN51e2BvrUOfHwJOmXs=">AAAB8XicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZEXQjFN24rGIv2A4lk2ba0CQzJBmhDH0LNy4UcevbuPNtTNtZaOsPgY//nEPO+cNEcGM97xsVVlbX1jeKm6Wt7Z3dvfL+QdPEqaasQWMR63ZIDBNcsYblVrB2ohmRoWCtcHQzrbeemDY8Vg92nLBAkoHiEafEOuvxvje4wuc+VrJXrnhVbya8DH4OFchV75W/uv2YppIpSwUxpuN7iQ0yoi2ngk1K3dSwhNARGbCOQ0UkM0E223iCT5zTx1Gs3VMWz9zfExmRxoxl6DolsUOzWJua/9U6qY0ug4yrJLVM0flHUSqwjfH0fNznmlErxg4I1dztiumQaEKtC6nkQvAXT16G5lnVd3x3Xqld53EU4QiO4RR8uIAa3EIdGkBBwTO8whsy6AW9o495awHlM4fwR+jzB9SQj7M=</latexit><latexit sha1_base64="Ygo8aSJpwN51e2BvrUOfHwJOmXs=">AAAB8XicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZEXQjFN24rGIv2A4lk2ba0CQzJBmhDH0LNy4UcevbuPNtTNtZaOsPgY//nEPO+cNEcGM97xsVVlbX1jeKm6Wt7Z3dvfL+QdPEqaasQWMR63ZIDBNcsYblVrB2ohmRoWCtcHQzrbeemDY8Vg92nLBAkoHiEafEOuvxvje4wuc+VrJXrnhVbya8DH4OFchV75W/uv2YppIpSwUxpuN7iQ0yoi2ngk1K3dSwhNARGbCOQ0UkM0E223iCT5zTx1Gs3VMWz9zfExmRxoxl6DolsUOzWJua/9U6qY0ug4yrJLVM0flHUSqwjfH0fNznmlErxg4I1dztiumQaEKtC6nkQvAXT16G5lnVd3x3Xqld53EU4QiO4RR8uIAa3EIdGkBBwTO8whsy6AW9o495awHlM4fwR+jzB9SQj7M=</latexit><latexit sha1_base64="Ygo8aSJpwN51e2BvrUOfHwJOmXs=">AAAB8XicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZEXQjFN24rGIv2A4lk2ba0CQzJBmhDH0LNy4UcevbuPNtTNtZaOsPgY//nEPO+cNEcGM97xsVVlbX1jeKm6Wt7Z3dvfL+QdPEqaasQWMR63ZIDBNcsYblVrB2ohmRoWCtcHQzrbeemDY8Vg92nLBAkoHiEafEOuvxvje4wuc+VrJXrnhVbya8DH4OFchV75W/uv2YppIpSwUxpuN7iQ0yoi2ngk1K3dSwhNARGbCOQ0UkM0E223iCT5zTx1Gs3VMWz9zfExmRxoxl6DolsUOzWJua/9U6qY0ug4yrJLVM0flHUSqwjfH0fNznmlErxg4I1dztiumQaEKtC6nkQvAXT16G5lnVd3x3Xqld53EU4QiO4RR8uIAa3EIdGkBBwTO8whsy6AW9o495awHlM4fwR+jzB9SQj7M=</latexit>

⇠ = 0.07
<latexit sha1_base64="8/HIgrtjPzP0Ktox8I0TRYBIJYQ=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJ4Krsi1ItQ9OKxgv3AdinZdLYNzWaXJCuWpf/CiwdFvPpvvPlvTNs9aOuDkMd7M8zMCxLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupn6rUdUmsfy3owT9CM6kDzkjBorPXSfOLkibsWt9kpl+81AlomXkzLkqPdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZhtPyKlV+iSMlX3SkJn6uyOjkdbjKLCVETVDvehNxf+8TmrCSz/jMkkNSjYfFKaCmJhMzyd9rpAZMbaEMsXtroQNqaLM2JCKNgRv8eRl0jyveJbfXZRr13kcBTiGEzgDD6pQg1uoQwMYSHiGV3hztPPivDsf89IVJ+85gj9wPn8AUtaPXQ==</latexit><latexit sha1_base64="8/HIgrtjPzP0Ktox8I0TRYBIJYQ=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJ4Krsi1ItQ9OKxgv3AdinZdLYNzWaXJCuWpf/CiwdFvPpvvPlvTNs9aOuDkMd7M8zMCxLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupn6rUdUmsfy3owT9CM6kDzkjBorPXSfOLkibsWt9kpl+81AlomXkzLkqPdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZhtPyKlV+iSMlX3SkJn6uyOjkdbjKLCVETVDvehNxf+8TmrCSz/jMkkNSjYfFKaCmJhMzyd9rpAZMbaEMsXtroQNqaLM2JCKNgRv8eRl0jyveJbfXZRr13kcBTiGEzgDD6pQg1uoQwMYSHiGV3hztPPivDsf89IVJ+85gj9wPn8AUtaPXQ==</latexit><latexit sha1_base64="8/HIgrtjPzP0Ktox8I0TRYBIJYQ=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJ4Krsi1ItQ9OKxgv3AdinZdLYNzWaXJCuWpf/CiwdFvPpvvPlvTNs9aOuDkMd7M8zMCxLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupn6rUdUmsfy3owT9CM6kDzkjBorPXSfOLkibsWt9kpl+81AlomXkzLkqPdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZhtPyKlV+iSMlX3SkJn6uyOjkdbjKLCVETVDvehNxf+8TmrCSz/jMkkNSjYfFKaCmJhMzyd9rpAZMbaEMsXtroQNqaLM2JCKNgRv8eRl0jyveJbfXZRr13kcBTiGEzgDD6pQg1uoQwMYSHiGV3hztPPivDsf89IVJ+85gj9wPn8AUtaPXQ==</latexit><latexit sha1_base64="8/HIgrtjPzP0Ktox8I0TRYBIJYQ=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJ4Krsi1ItQ9OKxgv3AdinZdLYNzWaXJCuWpf/CiwdFvPpvvPlvTNs9aOuDkMd7M8zMCxLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupn6rUdUmsfy3owT9CM6kDzkjBorPXSfOLkibsWt9kpl+81AlomXkzLkqPdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZhtPyKlV+iSMlX3SkJn6uyOjkdbjKLCVETVDvehNxf+8TmrCSz/jMkkNSjYfFKaCmJhMzyd9rpAZMbaEMsXtroQNqaLM2JCKNgRv8eRl0jyveJbfXZRr13kcBTiGEzgDD6pQg1uoQwMYSHiGV3hztPPivDsf89IVJ+85gj9wPn8AUtaPXQ==</latexit>

Control initial charge + Screen charges 
tetrabutylammonium chloride or bromide 

TBAC or TBAB
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Debye length from conductivity, Z estimated from zeta potential

near field - steric repulsion / weak screening hydrodynamics 

Interaction potential

Schroyen, B., Hsu, C. P., Isa, L., Van Puyvelde, P., & Vermant, J. (2019). Stress Contributions in Colloidal 
Suspensions: The Smooth, the Rough, and the Hairy. Physical Review Letters, 122(21), 218001.

�Y(r) =
Z2

1 + a

�B

2a

exp(�2a[r/2a� 1])

r/2a
<latexit sha1_base64="ohfFmObOA8JyxLuMFKTONCPuYfA="></latexit><latexit sha1_base64="ohfFmObOA8JyxLuMFKTONCPuYfA="></latexit><latexit sha1_base64="ohfFmObOA8JyxLuMFKTONCPuYfA="></latexit><latexit sha1_base64="ohfFmObOA8JyxLuMFKTONCPuYfA="></latexit>

�1 = 150nm,Z : 150e�
<latexit sha1_base64="+LP7DXC1tqH8l7OAIgLhtEn76EE=">AAACCnicbZDLSgMxFIYzXmu9jbp0Ey2CC1tmRFEEoejGZQV7wXZaMmmmDc1kQpIRytC1G1/FjQtF3PoE7nwb0+kstPWHwMd/zuHk/L5gVGnH+bbm5hcWl5ZzK/nVtfWNTXtru6aiWGJSxRGLZMNHijDKSVVTzUhDSIJCn5G6P7ge1+sPRCoa8Ts9FMQLUY/TgGKkjdWx91oDJARqJ0V3BC+he+pAHh7Be3iRMmkXO3bBKTmp4Cy4GRRApkrH/mp1IxyHhGvMkFJN1xHaS5DUFDMyyrdiRQTCA9QjTYMchUR5SXrKCB4YpwuDSJrHNUzd3xMJCpUahr7pDJHuq+na2Pyv1ox1cO4llItYE44ni4KYQR3BcS6wSyXBmg0NICyp+SvEfSQR1ia9vAnBnT55FmrHJdfw7UmhfJXFkQO7YB8cAhecgTK4ARVQBRg8gmfwCt6sJ+vFerc+Jq1zVjazA/7I+vwBeUyW5g==</latexit><latexit sha1_base64="+LP7DXC1tqH8l7OAIgLhtEn76EE=">AAACCnicbZDLSgMxFIYzXmu9jbp0Ey2CC1tmRFEEoejGZQV7wXZaMmmmDc1kQpIRytC1G1/FjQtF3PoE7nwb0+kstPWHwMd/zuHk/L5gVGnH+bbm5hcWl5ZzK/nVtfWNTXtru6aiWGJSxRGLZMNHijDKSVVTzUhDSIJCn5G6P7ge1+sPRCoa8Ts9FMQLUY/TgGKkjdWx91oDJARqJ0V3BC+he+pAHh7Be3iRMmkXO3bBKTmp4Cy4GRRApkrH/mp1IxyHhGvMkFJN1xHaS5DUFDMyyrdiRQTCA9QjTYMchUR5SXrKCB4YpwuDSJrHNUzd3xMJCpUahr7pDJHuq+na2Pyv1ox1cO4llItYE44ni4KYQR3BcS6wSyXBmg0NICyp+SvEfSQR1ia9vAnBnT55FmrHJdfw7UmhfJXFkQO7YB8cAhecgTK4ARVQBRg8gmfwCt6sJ+vFerc+Jq1zVjazA/7I+vwBeUyW5g==</latexit><latexit sha1_base64="+LP7DXC1tqH8l7OAIgLhtEn76EE=">AAACCnicbZDLSgMxFIYzXmu9jbp0Ey2CC1tmRFEEoejGZQV7wXZaMmmmDc1kQpIRytC1G1/FjQtF3PoE7nwb0+kstPWHwMd/zuHk/L5gVGnH+bbm5hcWl5ZzK/nVtfWNTXtru6aiWGJSxRGLZMNHijDKSVVTzUhDSIJCn5G6P7ge1+sPRCoa8Ts9FMQLUY/TgGKkjdWx91oDJARqJ0V3BC+he+pAHh7Be3iRMmkXO3bBKTmp4Cy4GRRApkrH/mp1IxyHhGvMkFJN1xHaS5DUFDMyyrdiRQTCA9QjTYMchUR5SXrKCB4YpwuDSJrHNUzd3xMJCpUahr7pDJHuq+na2Pyv1ox1cO4llItYE44ni4KYQR3BcS6wSyXBmg0NICyp+SvEfSQR1ia9vAnBnT55FmrHJdfw7UmhfJXFkQO7YB8cAhecgTK4ARVQBRg8gmfwCt6sJ+vFerc+Jq1zVjazA/7I+vwBeUyW5g==</latexit><latexit sha1_base64="+LP7DXC1tqH8l7OAIgLhtEn76EE=">AAACCnicbZDLSgMxFIYzXmu9jbp0Ey2CC1tmRFEEoejGZQV7wXZaMmmmDc1kQpIRytC1G1/FjQtF3PoE7nwb0+kstPWHwMd/zuHk/L5gVGnH+bbm5hcWl5ZzK/nVtfWNTXtru6aiWGJSxRGLZMNHijDKSVVTzUhDSIJCn5G6P7ge1+sPRCoa8Ts9FMQLUY/TgGKkjdWx91oDJARqJ0V3BC+he+pAHh7Be3iRMmkXO3bBKTmp4Cy4GRRApkrH/mp1IxyHhGvMkFJN1xHaS5DUFDMyyrdiRQTCA9QjTYMchUR5SXrKCB4YpwuDSJrHNUzd3xMJCpUahr7pDJHuq+na2Pyv1ox1cO4llItYE44ni4KYQR3BcS6wSyXBmg0NICyp+SvEfSQR1ia9vAnBnT55FmrHJdfw7UmhfJXFkQO7YB8cAhecgTK4ARVQBRg8gmfwCt6sJ+vFerc+Jq1zVjazA/7I+vwBeUyW5g==</latexit>

�1 = 55nm,Z : 150e�
<latexit sha1_base64="KAxt6oN4ozuEESJgVAQZyBLKcnM=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCC1tmxKIIQtGNywr2gu20ZNK0DU0yIckIZejWja/ixoUibn0Dd76NaTsLbf0h8PGfczg5fygZ1cbzvp2FxaXlldXMWnZ9Y3Nr293ZreooVphUcMQiVQ+RJowKUjHUMFKXiiAeMlILB9fjeu2BKE0jcWeGkgQc9QTtUoyMtdoubA6QlKiV5P0RvITFIhT8GN7DC+gXPUha+bab8wreRHAe/BRyIFW57X41OxGOOREGM6R1w/ekCRKkDMWMjLLNWBOJ8AD1SMOiQJzoIJlcMoKH1unAbqTsEwZO3N8TCeJaD3loOzkyfT1bG5v/1Rqx6Z4HCRUyNkTg6aJuzKCJ4DgW2KGKYMOGFhBW1P4V4j5SCBsbXtaG4M+ePA/Vk4Jv+fY0V7pK48iAfXAAjoAPzkAJ3IAyqAAMHsEzeAVvzpPz4rw7H9PWBSed2QN/5Hz+AAmflrA=</latexit><latexit sha1_base64="KAxt6oN4ozuEESJgVAQZyBLKcnM=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCC1tmxKIIQtGNywr2gu20ZNK0DU0yIckIZejWja/ixoUibn0Dd76NaTsLbf0h8PGfczg5fygZ1cbzvp2FxaXlldXMWnZ9Y3Nr293ZreooVphUcMQiVQ+RJowKUjHUMFKXiiAeMlILB9fjeu2BKE0jcWeGkgQc9QTtUoyMtdoubA6QlKiV5P0RvITFIhT8GN7DC+gXPUha+bab8wreRHAe/BRyIFW57X41OxGOOREGM6R1w/ekCRKkDMWMjLLNWBOJ8AD1SMOiQJzoIJlcMoKH1unAbqTsEwZO3N8TCeJaD3loOzkyfT1bG5v/1Rqx6Z4HCRUyNkTg6aJuzKCJ4DgW2KGKYMOGFhBW1P4V4j5SCBsbXtaG4M+ePA/Vk4Jv+fY0V7pK48iAfXAAjoAPzkAJ3IAyqAAMHsEzeAVvzpPz4rw7H9PWBSed2QN/5Hz+AAmflrA=</latexit><latexit sha1_base64="KAxt6oN4ozuEESJgVAQZyBLKcnM=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCC1tmxKIIQtGNywr2gu20ZNK0DU0yIckIZejWja/ixoUibn0Dd76NaTsLbf0h8PGfczg5fygZ1cbzvp2FxaXlldXMWnZ9Y3Nr293ZreooVphUcMQiVQ+RJowKUjHUMFKXiiAeMlILB9fjeu2BKE0jcWeGkgQc9QTtUoyMtdoubA6QlKiV5P0RvITFIhT8GN7DC+gXPUha+bab8wreRHAe/BRyIFW57X41OxGOOREGM6R1w/ekCRKkDMWMjLLNWBOJ8AD1SMOiQJzoIJlcMoKH1unAbqTsEwZO3N8TCeJaD3loOzkyfT1bG5v/1Rqx6Z4HCRUyNkTg6aJuzKCJ4DgW2KGKYMOGFhBW1P4V4j5SCBsbXtaG4M+ePA/Vk4Jv+fY0V7pK48iAfXAAjoAPzkAJ3IAyqAAMHsEzeAVvzpPz4rw7H9PWBSed2QN/5Hz+AAmflrA=</latexit><latexit sha1_base64="KAxt6oN4ozuEESJgVAQZyBLKcnM=">AAACCXicbZDLSgMxFIYzXmu9jbp0EyyCC1tmxKIIQtGNywr2gu20ZNK0DU0yIckIZejWja/ixoUibn0Dd76NaTsLbf0h8PGfczg5fygZ1cbzvp2FxaXlldXMWnZ9Y3Nr293ZreooVphUcMQiVQ+RJowKUjHUMFKXiiAeMlILB9fjeu2BKE0jcWeGkgQc9QTtUoyMtdoubA6QlKiV5P0RvITFIhT8GN7DC+gXPUha+bab8wreRHAe/BRyIFW57X41OxGOOREGM6R1w/ekCRKkDMWMjLLNWBOJ8AD1SMOiQJzoIJlcMoKH1unAbqTsEwZO3N8TCeJaD3loOzkyfT1bG5v/1Rqx6Z4HCRUyNkTg6aJuzKCJ4DgW2KGKYMOGFhBW1P4V4j5SCBsbXtaG4M+ePA/Vk4Jv+fY0V7pK48iAfXAAjoAPzkAJ3IAyqAAMHsEzeAVvzpPz4rw7H9PWBSed2QN/5Hz+AAmflrA=</latexit>

Asakura-Oosawa       + 

U
<latexit sha1_base64="2VGBWFBtOAt4MFtLT2+Bt+Y1D9s=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YNpCG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPWFhYd3ZtiZN0wF18Z1v5219Y3Nre3STnl3b//gsHJ03NJJphj6LBGJ6oRUo+ASfcONwE6qkMahwHY4vpvV20+oNE/kg5mkGMR0KHnEGTXWavr9StWtuXORVfAKqEKhRr/y1RskLItRGiao1l3PTU2QU2U4Ezgt9zKNKWVjOsSuRUlj1EE+X3RKzq0zIFGi7JOGzN3fEzmNtZ7Eoe2MqRnp5drM/K/WzUx0E+RcpplByRYfRZkgJiGzq8mAK2RGTCxQprjdlbARVZQZm03ZhuAtn7wKrcuaZ7l5Va3fFnGU4BTO4AI8uIY63EMDfGCA8Ayv8OY8Oi/Ou/OxaF1zipkT+CPn8wexL4zZ</latexit><latexit sha1_base64="2VGBWFBtOAt4MFtLT2+Bt+Y1D9s=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YNpCG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPWFhYd3ZtiZN0wF18Z1v5219Y3Nre3STnl3b//gsHJ03NJJphj6LBGJ6oRUo+ASfcONwE6qkMahwHY4vpvV20+oNE/kg5mkGMR0KHnEGTXWavr9StWtuXORVfAKqEKhRr/y1RskLItRGiao1l3PTU2QU2U4Ezgt9zKNKWVjOsSuRUlj1EE+X3RKzq0zIFGi7JOGzN3fEzmNtZ7Eoe2MqRnp5drM/K/WzUx0E+RcpplByRYfRZkgJiGzq8mAK2RGTCxQprjdlbARVZQZm03ZhuAtn7wKrcuaZ7l5Va3fFnGU4BTO4AI8uIY63EMDfGCA8Ayv8OY8Oi/Ou/OxaF1zipkT+CPn8wexL4zZ</latexit><latexit sha1_base64="2VGBWFBtOAt4MFtLT2+Bt+Y1D9s=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YNpCG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPWFhYd3ZtiZN0wF18Z1v5219Y3Nre3STnl3b//gsHJ03NJJphj6LBGJ6oRUo+ASfcONwE6qkMahwHY4vpvV20+oNE/kg5mkGMR0KHnEGTXWavr9StWtuXORVfAKqEKhRr/y1RskLItRGiao1l3PTU2QU2U4Ezgt9zKNKWVjOsSuRUlj1EE+X3RKzq0zIFGi7JOGzN3fEzmNtZ7Eoe2MqRnp5drM/K/WzUx0E+RcpplByRYfRZkgJiGzq8mAK2RGTCxQprjdlbARVZQZm03ZhuAtn7wKrcuaZ7l5Va3fFnGU4BTO4AI8uIY63EMDfGCA8Ayv8OY8Oi/Ou/OxaF1zipkT+CPn8wexL4zZ</latexit><latexit sha1_base64="2VGBWFBtOAt4MFtLT2+Bt+Y1D9s=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YNpCG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPWFhYd3ZtiZN0wF18Z1v5219Y3Nre3STnl3b//gsHJ03NJJphj6LBGJ6oRUo+ASfcONwE6qkMahwHY4vpvV20+oNE/kg5mkGMR0KHnEGTXWavr9StWtuXORVfAKqEKhRr/y1RskLItRGiao1l3PTU2QU2U4Ezgt9zKNKWVjOsSuRUlj1EE+X3RKzq0zIFGi7JOGzN3fEzmNtZ7Eoe2MqRnp5drM/K/WzUx0E+RcpplByRYfRZkgJiGzq8mAK2RGTCxQprjdlbARVZQZm03ZhuAtn7wKrcuaZ7l5Va3fFnGU4BTO4AI8uIY63EMDfGCA8Ayv8OY8Oi/Ou/OxaF1zipkT+CPn8wexL4zZ</latexit>

Lekkerkerker, H. N., & Tuinier, R. (2011). Colloids and the depletion interaction (Vol. 833). Springer.
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c/c* = 0.4 
35 min timelapse

c/c* = 0.6 
30 min timelapse

c/c* = 0.2 
90 min timelapse

Charge-stabilized 
colloid-polymer mixture

 
Diffusion of an organic salt 

TBAC

FOV: 100x100 μm

Φ = 0.2 (always)

Slow, DC quenches
FOV:  
100x100 μm
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(a) (b)

(c) (d)

FIG. 1: Schematic representation of the rheoconfocal setup for high speed

confocal imaging. (a) Sketch of a commercial rheometer coupled to confocal microscope

(the bottom part of the microscope bod is shown) in a custom setup, with the second

motor positioned on the side for counter-rotation of the lower glass plate. (b) Picture of

the shear cell in measuring position. (c) Cross section of the cone–plate measuring

geometry with corresponding velocity ~v, velocity gradient ~r, and vorticity ~! direction of

simple shear flow shown. The dashed line indicates the position of the stagnation plane

during counter-rotation. The clamping of the coverslip with a threaded ring is shown on

one side. (d) Technical drawing of the shear cell assembly that is mounted on the

rheometer flange. Ball bearings are shown in green.

7

Structural illumination multiarray rheo-confocal
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c/c* = 0.7 
FOV: 150x150 μm

50 s-1 10 s-1

1 s-1

Pe = 40, real-time

 
real-time

 
sped up 2x

5 s-1

Pe = 40 
real-time

 
real-time

Steady state structures
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Scaling with Mn also for 2DSANS - Min Kim, J.,  et al.. Journal of Rheology, 58(5), 1301-1328. (2014)

Mn⇤ = MnU/(f⇤⇠)
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Stress jump experiments
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287 542 (2005)

Orthogonal superposition rheometry

G. Colombo et al. J. Rheol. 61 1035 (2017)

Flow reversals experiments
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effective volume fraction will be higher, and hence the high
frequency loss moduli are expected to grow more quickly. This
is indeed what is observed in Fig. 7. It can also be observed from
Fig. 7 that as the mixing intensity is increased (S - UT - US), the
measured moduli decrease, which is consistent with an improved
dispersion quality in response to more vigorous mixing.

For aggregated suspensions, the effective volume fraction
can be defined as the ratio of the primary particle volume
fraction: f, to a dimensionless quantity termed the dispersion
quality index: DQI,

feff ¼
f

DQI
: (12)

The dispersion quality index indicates the distance from a fully
dispersed state in which the high frequency viscosity is well
described by eqn (11) with feff = f and DQI = 1. In principle,
DQI varies between 0 and 1 and quantifies the reduction in
volume accessible to the suspending media for flow around
suspended aggregates. Thus, DQI is a measure of the effect
of hydrodynamic interactions among aggregates only. This
modification of eqn (11) results in a single-parameter model
for G

00
rel;hf . The measured relative high frequency viscosity is

fitted for the DQI for each of the sample families, and the
calculated fits are plotted in Fig. 7. The fit models agree well
with all the experimental measurements. This implies that the
local building blocks of the dispersion remain unchanged, even
at higher volume fractions at which these structures interact
more strongly (Fig. 3 and 4). The fitting is valid until when
the dispersion becomes dense and aggregate formation is
hindered. The DQI improves (grows) when increasing the
mixing intensity with a value of 0.44 for simple magnetic
stirring and 0.62 for ultrasonicated samples. This confirms
that aggregates persist in these suspensions even with high
mixing intensities. Note that the absolute value of the effective
volume fraction is influenced by the internal aggregate
structure.59 The DQI should be interpreted in relative terms
as it probes the global structure of the dispersion and not the
internal structure of the aggregates. However, since the
proposed index is unaffected by Brownian motion and colloidal
interactions, it enables the quantification of the dispersion
quality of colloidal suspensions in a well-defined manner.

Monitoring a dispersion process

Dispersion processes are used to break up larger aggregates
into dispersed and uniformly distributed particles. The derived
DQI can be used to monitor the evolution of the dispersion
state during mixing operation. Fig. 8 displays the evolution of
the DQI during high shear mixing as a function of mixing time
for different rotor speeds. For all samples, the DQI evolved in time,
gradually improving and reaching a terminal, equilibrium
value after several minutes. In addition, at all times, the
measured DQI increased with increasing mixing intensity.
The evolution towards an equilibrium state is somewhat faster with
increased mixing intensities, as well. Note that the time resolution
of the DQI measurements is restricted by sampling limitations.

However, improved sampling rates might be achieved through
in-situ measurements. These results are in agreement with
previous findings on hydrodynamic stress induced dispersion
and fragmentation,60 which reported that with sufficient mix-
ing, an equilibrium aggregate size emerges at each imposed
shear rate.

The equilibrium hydrodynamic aggregate sizes are also
calculated from DLS measurements on dispersed and diluted
samples via the Stokes–Einstein equation and compared with
the equilibrium DQI in Table 1.60,61 The average aggregate size
varies between 2–4 times the primary particle diameter. Both
high frequency rheology and DLS measurements show an
improvement in the dispersion quality with increasing mixing
intensity. Furthermore, DLS results confirm that small aggre-
gates consisting of a few particles continue to exist at high
mixing intensities. Note that the cumulant analysis (eqn (8))
assumes a monomodal distribution of spherical aggregates.
However, since both high frequency loss moduli and DLS data
probe the hydrodynamic aggregate size, results from both
methods can be compared.28 When comparing the results of
the two methods in Table 1, the evolution of the DQI and da

agree with each other. It must however be emphasised that,
although the aggregates are assumed to remain unchanged
during dilution and homogenisation, changes in size or struc-
ture cannot be ruled out completely.

As the dispersion quality index is proportional to the effec-
tive hydrodynamic volume fraction of aggregates in the disper-
sion, it can be used in combination with a measurement of the

Fig. 8 Evolution of the DQI as a function of mixing time for a dispersion
of 15.2 vol% silica particles. Particles are dispersed by Ultra-Turrax mixing
at 3 different intensities.

Table 1 Equilibrium DQI and average aggregate size da for different
mixing velocities N. Primary particles have a diameter dp E 130 nm

N [rpm] DQI ["] da [nm] Np/Na

4000 0.45 445 18.0
8000 0.5 365 11.1
12 400 0.55 275 5.21
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 = 20γ̇ s−1

 = 1γ̇ s−1 = 0.25 γ̇ s−1 = 0.063 γ̇ s−1

 = 0.025 γ̇ s−1

10 vol % PMMA in Newtonian (PDMS) matrix
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 = 20γ̇  s−1

 = 1 γ̇ s−1 = 0.4 γ̇ s−1 = 0.16 γ̇ s−1

 = 0.025 γ̇ s−1

25

10 vol % PMMA in VE (PDMS) matrix
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Suspension in linear matrix Suspension in branched matrix 

= 0.3𝜙𝑒𝑓𝑓 = 0.25𝜙𝑒𝑓𝑓 =20 
154x154μm 

γ̇  s−1  = 20 
154x154μm 

γ̇ s−1
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I. M. Krieger and T. J. Dougherty, Trans Soc Rheol. 3 (1959), 137 
 = 0.24𝜙𝑒𝑓𝑓

= 0.28𝜙𝑒𝑓𝑓  = ηr (1 − 
ϕ

ϕmax
) 

−[η]ρϕmax

10 vol % PMMA in linear PDMS and decalin 

10 vol % PMMA in branched PDMS and decalin 
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 Objectives 
 Shear thickening : roughness and adhesion
 Thixotropy : strength and adhesion
 Conclusions / outlook              
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Toolbox for colloidal gel understanding and design:

model systems which enable us to interrogate mechanisms
rheological techniques which deconvolute the contributions to the stress
structural techniques which probe pertinent time and length scales 

Challenges:

non-model systems and yet interrogate mechanisms
complex flows
HF during flow/processing

Feedback requested : 
- rheological profiles/problems (IFPRI members)
- selected industrial systems
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Instrument : Rheo-confocal setup, Obj = 60 x
Particles on the coverslip: PMMA of 75-90 µn in diameter (Cospheric)
Sample: 10 vol% PMMA in CHB, cis- decalin and PS ✓ Compressional flow before single 

bead 
✓ Rotational flow around the 

sphere 
✓ Extensional flow after the bead

154x154μm 

100% upper motor, = 10 γ̇  s−1


