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Complexity in model systems Simplified industrial dispersions

Analytical, structural and rheological
methods tailored to interrogate structure

La
te

ra
l D

efl
ec

tio
n


(F
ric

tio
n 

Fo
rc

e)

Distance

Trace

RetraceVe
rti

ca
l D

efl
ec

tio
n


(F
or

ce
)

Distance

Adhesion 

Force

Retraction

Approach

A

B C

A B

C
D

Friction

Adhesion

shear thickening thixotropy

stress deconvolution
4D-imaging local scale tribology



5

 Objectives 
 Bottom up SIDS
 Bottom down SIDS
 Outlook and plan for 22-23



Soft Materials Laboratory

Targeted dispensing of colloidal gels

Engineer the gels microstructure through:


• Primary particle properties

− Chemistry

− Size and shape

− Topography


• Suspending media properties

− Composition

− Density

− Polarity


• Interparticle forces

− Macromolecular composition


• Processing

− Shear stresses
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https://www.youtube.com/watch?v=NWbubR2pupg

clusters

voids

attractive 
interactions

Koumakis, N., et al., Tuning colloidal gels by shear. Soft Matter, 2015. 11(23): p. 4640-8.



Soft Materials Laboratory

Investigating the influence of primary particle surface 
topography on bulk rheological properties under shear

Surface roughness:

Inhibits flow densification


➢ Open network structure
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Rolling and sliding of 
particles under shear

Smooth primary particles Rough primary particles

Interlocking of 
particles under shear

Goal:

• Investigate influence of surface roughness 

on the yielding behavior of particle gels

− Comparable systems in terms of 

interparticle forces

− Only tune the surface roughness


Problem:

• Thixotropic behavior of colloidal gels


• Pre-shear conditioning will modify the 
smooth and rough gels in a different way

− Difficult to compare



Soft Materials Laboratory

Model system requirements
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Model system

- SiO2 particle

- Octadecyl brush (C18)

- Suspended in tetradecane (C14)
• Impart different roughnesses on the 

SiO2 particles 

• Maintain comparable hydrodynamic 

radii

T T

Solution:

• Thermoreversible system


• Induce gelation inside measurement cell


• Comparable attractive interactions


• ”Rejuvinate” the structure between 
measurements




Soft Materials Laboratory

Existing particle grafting approaches
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Etherification of Octadecyl

Van Helden, A.K., J.W. Jansen, and A. Vrij, Preparation and Characterization of Spherical 
Monodisperse Silica Dispersions in Nonaqueous Solvents. Journal of Colloid and Interface 
Science, 1981.

• 100 g scale

• Lengthy procedure

• Poor batch to batch reproducibility


Hydrolysis of Octadecyltrimethoxysilane

Murray, Eoin, et al. "Synthesis of Monodisperse Silica Nanoparticles dispersable in Non‐Polar 
Solvents." Advanced Engineering Materials 12.5 (2010): 374-378.

• ≤1 g scale

• One step grafting process

• Grafting density not tunable

• No thermoresponsive properties



Soft Materials Laboratory

Synthesis approach for controlled octadecyl grafting to silica particles 
with –NH –yne click-like chemistry
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Soft Materials Laboratory

Thermoreversible colloidal gel system
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• SiO2 particles 300 nm

• Octadecyl brush

• 30 v%

• In tetradecane

60°C 5°C



Soft Materials Laboratory

Rough particle synthesis

26.04.2022 12

Zanini, M., et al., Fabrication of rough colloids by heteroaggregation. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 2017. 
532: p. 116-124.

Raspberry particles

200 nm Smooth SiO2 particles

Positively charged

core particle

Negatively charged

berry particle

Electrostatically driven heteroaggregation

Coat with aminosilane as a stabilizing layer and functional grafting


Tune particle roughness:

- Size of berry particle

- Surface coverage of berry particles

- Thickness of stabilizing layer




Soft Materials Laboratory

Thermoreversible gels can be made with rough systems
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Synthesis of a rough primary particle system with comparable properties to the smooth particle system

Gel condition:

Storage Modulus > Loss Modulus



Soft Materials Laboratory

Rough particle gels delay yielding

𝜙

smooth rough

• Outer diameter: 300 nm

• Octadecyl brush

• In tetradecane

To be submitted



Soft Materials Laboratory

Surface roughness increases interparticle forces
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C = 0.5

C = 0.25

• Plateau moduli in gel state are comparable

• Roughness comes into play for low volume fractions 

• Apparent yield stress is significantly higher for 
the rough particle systems

To be submitted 26.04.2022



Soft Materials Laboratory

Surface roughness extends the linear response regime
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smooth rough

• Outer diameter: 300 nm

• Octadecyl brush

• 25v% in tetradecane

To be submitted



Soft Materials Laboratory

Rough particle gels recover fully and quickly

17

Rough particle gels recover quicker

• Interlocking prohibits shear induced cluster densification

Smooth SiO2 particles

100%

strain 0.01% strain

smooth

Raspberry particles

100%

strain 0.01% strain

rough

To be submitted 26.04.2022



Ultrafast rheo-confocal setup
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Dual camera setup

1200 FPS full frame (fast acquisition)


4 MP (high resolution acquisition)


Confocal scanner

170nm xy resolution, 450nm z resolution


1000 FPS full frame


Strain-controlled rheometer

Counter-rotative shear cell with deported 

second motor


Colombo et al., Korea-Aust. Rheol. J. 31, 2019
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Model depletion gel under shear

PMMA-g-PHSA depletion gel

• 44%

• 1.1µm diameter

• 8% polydispersity

• Suspended in squalene

• Polybutadiene, M=1.2.106 g/mol, c/c*=0.42


𝜙~

Model system  

Rheology  


• CP15-6 geometry


• 200 s-1 pre-shear for 2 minutes


• 30 minutes, monitored by SAOS 
1% at 1 Hz


• Shearing at constant shear rate 
in counter rotation mode 


Particle trackingConfocal microscopy 


• Laser line : 488 nm

• Exposure time : 200 ms

• Frame rate : 5 FPS

• Laser intensity : 10% Imax

• Imaging 20µm over the glass slide

• ImageJ plugin TrackMate


• Extraction of particles

• Extraction of tracks

5 µm

5 µm

5 µm



Organisational unit (edit via “Insert” > “Header & Footer”)

Setup upgrades – fast scanning liquid lens
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Breathing effect correction

Radial drift

Reduced drift

10µm

10µm



Displacement fields (gels)
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𝛾̇ = 0.05 𝑠−1 𝛾̇ = 0.1 𝑠−1 𝛾̇ = 0.5 𝑠−1 𝛾̇ = 1 𝑠−1 𝛾̇ = 5 𝑠−1

Localized zone of consistent displacement

Further propagation in the structure 

5 µm 5 µm 5 µm 5 µm 5 µm

5 µm 5 µm



Thinning-thickening

AERC2022-27/04/22
22



Particle suspensions : tracking rotation

23

Ilhan et al., J. Colloid Interface Sci. (2020)

Few 
fluorescent 
asperities
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Fixed volume fraction ; increasing number of fluorescent particles

24

Niggel et al, in preparation

Particle suspensions : tracking rotation
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SIDS

• Soft system : Carbopol


• Rougher system 


• Latex - filler system


• Proteins as aggregated systems 
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Figure 24: Relaxation spectra at di↵erent value of imposed stress. The spectra
are obtained from orthogonal superposition experiments. Two peaks are recognizable
from the spectra, indicating the presence of two di↵erent relaxation mechanism. Com-
paring the di↵erent spectra is immediately visible the shift of the relaxation mechanisms
at shorter time as the material is plastically deformed.

that reached a steady state plasticity during creep measurements. The reliability of
the time-stress superposition can be estimated by comparing the shifting between the
relaxation times directly recovered from OSP and the shift factor from the master curve.
The relaxation spectra found fitting the dynamic moduli of orthogonal measurements
are represented in Figure 24. In all the spectra two peaks appear, making a two process
model more conceptually sound for the description of Carbopol dispersion. The fitting
is performed with the pyReSpect python library from Shanbhag [65]. This still needs
ot be refined, but the trends in the date confirm that the slow relaxation time reflects a
simple stress-activated process in line with the model given above. HF data has also been
obtained but not yet fully analysed, but should give insight onto the faster relaxation
processes.

This data set and the associated modelling show how the advanced rheometrical tech-

30

4 Simplified industrial systems: top down

We had several meetings to find simplified industrial systems which are proposed by the
members and which are simplified in composition from a real industrial system.

The following samples have been identified as being relevant for and suggested by the
members as systems relevant for a class of problems. They will be characterized by the
rheological techniques mentioned above

1. Carbopol dispersions, relevant for thickening of consumer products (suggested by
Unilever)

2. Latex suspensions, with Ti02 and CaCO3 as model coating materials (suggested
by Chemours)

3. milled paracetamol and a range of additives (Bentopharm (Clay) and Rhodopol
23 (Xantham gum))

4. Protein samples for understanding protein viscosity in bulk and understanding how
processing conditions a↵ects protein stability using interfacial tests (suggested by
Merck)

Work has started on sample 1 and 3. Sample 4 will be started soon (di↵erent person,
with di↵erent expertise required).

4.1 Carbopol dispersions.

Concentrated systems of microgel particles are widely used in industrial application as
viscosity modifiers, thanks to their property to sustain their own weight while they rest
and flow only when a stress is applied. These are soft repulsive particles, akin to some
of the smooth grafted particles of section 2. We studied the flow behaviour and applied
some of the advanced rheological techniques (superposition and high frequency rheology),
which led to a di↵erent understanding of how these materials flow and how they can be
modelled, in light of how they can be aligned with classical plasticity theories.5

In the literature, [34–41], this transition in material behaviour is identified by a single
value in stress, called yield stress, and it represents the minimum value of stress that
induce a ”solid to liquid” transition of the material microstructure. In the case of
microgels, the particles jam due to the lack of available volume forming a weak gel that
can bear the mass of the system.

A standard constitutive description of yield-stress fluids, such as Carbopol, is the Herschel-
Bulkley equation, [42] describing nonlinear power-law flow behavior at a shear rate �̇

when the shear stress ⌧ is larger than the yield stress ⌧y as:

⌧ = ⌧y +K�̇
n
, ⌧ � ⌧y (1)

5
work by T. Tervoort and J. Vermant
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In our nonlinear viscoelastic approach, the result of Eq. 5, together with Eq. 2, motivated
the choice for the description of a power-law fluid with a stress-dependent viscosity ⌘(⌧eq)
as:

�d = 2⌘(⌧eq)Dp (6a)

⌘(⌧eq) = ⌘0

 
1 +

✓
⌧eq

⌧0

◆2
!n�1

2n

= ⌘0a(⌧eq) (6b)

This equation has the same functional form as the Ellis model. [48] Equivalent to Eq. 2,
this non-Newtonian flow rule reduces at low equivalent stress (⌧eq ⌧ ⌧0) to a Newtonian
fluid with constant viscosity ⌘0, while at high equivalent stress (⌧eq � ⌧0), Eq. 5 is
valid, which is equivalent to Eq. 3 for �̇eq � �̇0. The term a(⌧eq) defined in Eq. 6b
is a stress-dependent shift factor, the physical meaning of which will be discussed later
on.

Another stress-dependent viscosity expression that is often used for describing plastic
flow, is the Eyring viscosity: [49–51]

⌘(⌧eq) = ⌘0a⌧ (⌧eq) = ⌘0

⇣
⌧eq
⌧0

⌘

sinh
⇣
⌧eq
⌧0

⌘ (7)

The Eyring model can be extended to include di↵erent molecular relaxation mechanisms
leading to the Ree-Eyring model [52], which has found wide-spread application in poly-
mer mechanics [53,54] and other soft materials, such as lubricants [55], suspensions [56]
and colloidal dispersions [57]. In the standard formulation of the Ree-Eyring model it
is assumed that all fluid elements move with the same strain rate �̇ and that the stress
for the di↵erent processes is additive, leading to:

⌘(�̇eq) =
X

i

⌧
RE
0,i

�̇eq
sinh�1

 
�̇eq

�̇
RE
0,i

!
, (8)

where ⌧RE
0,i and �̇

RE
0,i are the characteristic stress and strain rate for process i, respectively.

From the Ree-Eyring expression it follows that at low stress values the viscosity is
dominated by one process, whereas at higher stress levels the viscosity equals the sum of
the (stress-dependent) viscosities of all processes. This is well approximated by assuming
that for continuous stress, the Ree-Eyring viscosity function is nearly equal to a sum of
individual Eyring viscosities each with parameters ⌧0i and ⌘0i, leading to the following
stress-dependent formulation of the Ree-Eyring viscosity: [58, 59]

⌘(⌧eq) =
X

i

⌘0,i

⇣
⌧eq
⌧0,i

⌘

sinh
⇣
⌧eq
⌧0,i

⌘ = ⌘0

0
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X

i

⌘0,i

⌘0

⇣
⌧eq
⌧0,i

⌘

sinh
⇣
⌧eq
⌧0,i

⌘

1

CA = ⌘0a⌧ (⌧eq), (9)
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where each ⌘0,i is a complex function of all ⌘RE
0,j = ⌧

RE
0,j /�̇

RE
0,j and ⌧0,j =

Pj
i=1 ⌧

RE
0,i .

Having obtained appropriate stress-dependent viscosity functions, we can now start
formulating a one-dimensional nonlinear viscoelastic constitutive equation of a ”yield-
stress” fluid for finite simple shear deformation and then later expand this to a full
three-dimensional description. For simple shear deformation, the equivalent stress equals
the shear stress: ⌧eq = ⌧ . At constant temperature, a standard nonlinear viscoelastic
description then follows below: [50, 51,60]

⌧ = G�e (10a)

�̇e = �̇ � �̇p (10b)

�̇p =
⌧

⌘(⌧eq)
(10c)

⌘(⌧) = ⌘0a⌧ (⌧) (10d)

Here, G is the shear modulus, �e is the elastic shear strain, and �̇e and �̇p are the elastic
and plastic shear rate, respectively, and a⌧ (⌧eq) = a⌧ (⌧) is the stress-dependent shift
factor of one of the three viscosity models discussed: the power-law, the Eyring or the
Ree-Eyring model. The evolution equations, Eq. 10a-10d, depict a standard nonlinear
viscoelastic formulation of the rate-dependent yielding of a solid material without using
a yield-stress criterion. At low stress levels, ⌧eq ⌧ ⌧0, as the stress-shift factor a⌧ = 1,
the viscosity equals ⌘0, which is typically high, resulting in virtually completely elastic
behavior. At higher stress levels, the viscosity rapidly reduces, leading to an increasing
plastic shear rate �̇p, until the material is fully yielding, at which point the applied
shear rate equals the plastic shear rate as the elastic shear rate �̇e = 0. In essence,
Eqs. 10a-10d describe a non-linear Maxwell model with a stress-dependent relaxation
time �(⌧eq):

�(⌧) =
⌘(⌧)

G
=

⌘0a(⌧)

G
=

⌘0

G
a⌧ (⌧) = �0a⌧ (⌧), (11)

where �0 is the constant relaxation time at low equivalent stress. Thus a⌧ describes the
stress-dependence of the relaxation time � or, in other words, stress-induced mobility,
sometimes also referred to as “stress-clock materials”. [61]

To describe the linear viscoelastic response of a real material like Carbopol, it is necessary
to use a spectrum of relaxation times rather than one. A well-known method to describe
nonlinear viscoelastic behavior is then to assume that all relaxation times obey the same
stress dependence. [50, 62, 63] This leads to time-stress superposition in much the same
way as the well-known time-temperature superposition, where it is assumed that all
relaxation times have the same temperature dependence. If time-stress superposition
holds, it should be possible to build a creep mastercurve using creep tests performed at
di↵erent stress levels by horizontal shifting along a logarithmic time axis.

A Carbopol dispersion in water has hence been taken as case study material for this
type of systems due to the almost ubiquitous range of products it is a component of and
the use in the literature as model material. The sample used is a 0.5%wt dispersion of
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Figure 2: Creep compliance curves recorded at different stress levels and the creep

compliance mastercurve at 30Pa obtained by horizontal shifting.

where �0 is the constant relaxation time at low equivalent stress. Thus a⌧ describes the stress-

dependence of the relaxation time � or, in other words, stress-induced mobility, sometimes

also referred to as “stress-clock materials”.35

To describe the linear viscoelastic response of a real material like Carbopol, it is necessary

to use a spectrum of relaxation times rather than one. A well-known method to describe

nonlinear viscoelastic behavior is then to assume that all relaxation times obey the same

stress dependence.24,36,37 This leads to time-stress superposition in much the same way as the

well-known time-temperature superposition, where it is assumed that all relaxation times

have the same temperature dependence. If time-stress superposition holds, it should be

possible to build a creep mastercurve using creep tests performed at different stress levels by

horizontal shifting along a logarithmic time axis. This is shown for the Carbopol formulation

used in this study in Fig. 2.

During creep experiments in shear, the equivalent stress ⌧eq equals the applied shear stress

⌧ . If all relaxation times follow the same stress dependence as depicted in Eq. 11, then the

(positive) horizontal shift (equal to � log a(⌧)⌧ref) from a creep curve recorded at a (high)

given stress ⌧ to a master creep curve for a (low) reference stress ⌧ref, is given by:

� log a(⌧)⌧ref = �
 
log
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� log
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2n

(12)

Here it should be noted that a (positive) horizontal shift to the right due to stress ⌧ corre-

7
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Conclusions
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Toolbox for colloidal rheology 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


