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The goal of this work is threefold: First, design and characterize 
model system with new design handles, exploiting shape & 
roughness, Second, develop advanced characterization methods, 
Third compare to selected simplified industrial systems

• Key result : designed and characterized effect of roughness 
on a thermoreversible gel.

• 1. Reproducible, Scalable and versatile synthesis of 
thermoreversible gels composed of particles with controlled 
roughness

• 2 : Rheology results –decoupling modulus and yield point

• 3. Reducing thixotropy

• Deconvoluting contributions to the rheology

2 Roughness as a design parameter in gels

4 One example of a SID : Carbopol

1 Introduction

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
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Solution:

• Thermoreversible system

• Induce gelation inside measurement cell

• Comparable attractive interactions

• ”Rejuvinate” the structure between 
measurements

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

Rough particle gels delay yielding

!

smooth rough
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• Outer diameter: 300 nm
• Octadecyl brush
• In tetradecane

To be submitted

Surface roughness extends the linear response regime
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• Outer diameter: 300 nm
• Octadecyl brush
• 25v% in tetradecane

To be submittedSurface 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 
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• Apparent yield stress is significantly higher 
for the rough particle systems
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To be submitted 26.04.2022

Further work
• Roughness var.

• Applications

• Visualization

Rough particle gels recover fully and quickly
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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
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Complexity in model systems Simplified industrial dispersions

Analytical, structural and rheological
methods tailored to interrogate structure
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Stress jump experiments

Orthogonal superposition rheometry

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

HF rheology 
non-ideal systems

K. Dullaert, J. Mewis, J. Colloid Interface Sci. 
287 542 (2005)
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(a) Silica-SM
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(b) PMMA-46
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(d) Silica-RB.5

Figure 2: Reduced viscous (left) and elastic (right) stresses as a function of rescaled frequency for different vol-

ume fractions of smooth particles (a), particles with long polymeric brushes (b) and rough particles (c,d). (left)

Solid lines indicate the scaling exponents. (right) Dashed, dotted and dashed-dotted lines present model predic-

tions for ⌃e,r based on lubrication [25], hard-sphere [33] and polymer-polymer interactions [41, 42], respectively

(suppl. mat. S6). Inserted figures display the probed length scale as estimated by nearest-neighbour statistics [44]

executed for the effective (black) and core volume fraction (red) (S4) or by scaling analyses (green) [43].

frequencies and its magnitude is reduced. Most
likely, as interparticle distances decrease further,
the interpenetration becomes stronger and dissi-
pation is reduced. Detailed calculations of this
localised hydrodynamic dissipation lie beyond
the scope of the present work, but an interesting
question for future research is that the inverse
problem may be used to characterise the roughness
of particles. At high frequencies (↵p,B ⇠ 105) the
⌃v,r strongly decrease again as a transition to a
lubrication regime is observed. The frequency at
which this occurs shifts to higher values compared
to the silica-SM suspensions and is higher for
increased roughness. The HF regime is observed
when the thickness of the diffusive layer becomes

on the same order as the distance between the
asperities. This is confirmed when comparing the
characteristic length scales probed at different
volume fractions and frequencies (inserted figures).
The effect of the asperities and interpenetration
establishes in two ways. First, absolute differences
between interparticle distances based on the core
and effective volume fraction (S4) decrease with
concentration and smoothness. Second, the Lc at
which point ⌃v,r display an upturn can be esti-
mated based on a scaling analysis for diffusional
transport, with Lc / a

p
1/↵p,B [43], and agree

well with the interparticle distances based on the
core volume fraction.

4

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.

3 Techniques

• A non-yield stress model for a yield stress material…
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Figure 6: Simple representation of the parallel (�//) and orthogonal (�?) flows

superimposed on a steady shear (�̇).

An estimation of the anisotropy inside the material under shear can be ob-
tained from the ratio between the storage moduli measured in the two di↵erent
modes [22, 23]. A better analysis of the fluid anisotropy under shear can be
done with 2D-small amplitude oscillatory shear (2D-SAOS) experiments [6, 7],
provided the thixotropy of the sample can be exploited i.e. structural recovery
is slow enough. In these experiments the direction of the oscillatory shear is
varied continuously from the parallel direction to the orthogonal direction, the
angle at which the flow is decoupled from the steady shear is an indication of
the material anisotropy.

1.3.1 Parallel superposition

The kinematic description of the flow in the material is reported in eqs.(12).
The two flows are imposed in the same direction and therefore their e↵ects
are coupled [20, 21]. Coupling of the flow kinematics means that the parallel
dynamic moduli do not retain the same meaning as the moduli without the
applied strain rate. The coupling of the two flow fields make the material
response not only dependent on the microstructural changes but also on shear
history [24].

8
><

>:

x1(t) = x1(t0) + (�̇(t� t0) + �0 (sin!t� sin!t0))x2(t)

x2(t) = x2(t0)

x3(t) = x3(t0)

(12)

For the case of parallel superposition, the second invariant of the rate of
deformation tensor 2D, is given by:

II2D = �̇2 + 2�o · !�̇ cos(!t0) +O(�2
o
) (13)

Assuming an isotropic material, with only a rate dependent spectrum, the
stress tensor � can be expressed using an integral constitutive equation:

� =

Z
t

�1

Z 1

�1

H(⌧, II2D)

⌧
exp

✓
� (t� t0)

⌧

◆
d ln ⌧

�
· (C�1 � I)dt (14)

12

The double-wall Couette geometry was developed from the Couette geome-
try. In this geometry the rotating bob is hollow and shears the material around
a resting pillar. This improve the measurement accuracy for material with a
weak response, because twice the actual torque can be measured due to the
doubled surface area.

Figure 8: Couette geometry

1.4.3 Orthogonal superposition Couette

A special modification of the double-wall Couette was employed in the orthog-
onal superposition measurements. The geometry was build specifically for this
instrument by Anton Paar and its design is represented in Figure (9). Below it
will be referred to as OSP Couette for sake of brevity.

Both the geometrical description and the approximated equations remain
the same for the conventional double-wall Couette, and no changes were made
on the bob.

Figure 9: OSP Couette geometry used in this work.

17

where C
�1 is the relative Finger tensor and I is the identity tensor. In

superposition flows with small amplitudes , i.e. for small perturbations of II2D
around �̇2, the perturbation spectrum H(⌧, II2D), can be linearized around its
steady state value:

H(⌧, II2D) = H(⌧, �̇2) + 2�o!�̇ cos!t
0 · @H(⌧, �̇2)

@(�̇2)
+O(�o

2) (15)

The 1-2 component of the stress tensor can be expressed as:

�12 = ⌘(�̇) · �̇ +G?

k(!, �̇) · �0 sin!t (16)

where G?

k(!, �̇) is the complex parallel superposition modulus, which can

be decomposed into an in-phase component G
0

k and an out-of-phase component

G
00

k . Comparing the 1-2 component of eq. (14) with eq. (16) yields
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0
H(⌧, �̇2)d⌧ (17)

and for small amplitude oscillations in which terms of O(�2
0) and higher can
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G
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From eq. (17) it can be seen that the shear rate dependent relaxation spec-
trum H(⌧, �̇2) dictates which relaxation modes will contribute to the viscosity ⌘
at a given shear rate �̇. Equations (18) and (19) do show however, that due to
the presence of the derivatives of these spectra with respect to II2D, the rela-
tionships between moduli and the spectrum,expected from the theory of linear
viscoelasticity no longer hold.

1.3.2 Orthogonal superposition

In orthogonal superposition, the imposed strains act in di↵erent directions, as
detected from the kinematic description in equations of the motion (20). The
two flows are decoupled and therefore the orthogonal moduli have the same
meaning as the regular dynamic moduli. The decoupled shear fields permit to
observe the changes in the microstructure or in the texture of the material in
the orthogonal direction[22].

8
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x1(t) = x1(t0) + �̇(t� t0)x2(t)

x2(t) = x2(t0)

x3(t) = x3(t0) + �0 (sin!t� sin!t0)

(20)
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For orthogonal superposition, H(⌧, II2D) is simply:

H(⌧, II2D) = H(⌧, �̇2) +O(�o
2) (21)

The stress tensor � is again given by eq.(14) and the relevant stress compo-
nent �23 can be written as:

�23 = G?

?(!, �̇) · �0 sin!t (22)

where G?

?(!, �̇) is the complex orthogonal superposition modulus, which can
be decomposed into an in-phase G

0

?(!, �̇) and an out-of-phase part G
00

?(!, �̇).
Comparing the 2� 3 component of eq.(14) with eq. (22) yields:

G
0

?(!, �̇) =

Z 1

�1
H(⌧, �̇2) · (!⌧)2

1 + !2⌧2
d ln ⌧ (23)

G
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Z 1

�1
H(⌧, �̇2) · !⌧

1 + !2⌧2
d ln ⌧ (24)

where the term containing the first order derivatives of H(⌧, �̇2) no longer
appears. Limiting relations for linear viscoleasticity can hence, at first sight,
be expected to be retained, as limiting slopes and the validity of the Kramers-
Kronig relation.

Orthogonal superposition devices were introduced in the 1960’s by Simmons
[12]. The design was then improved by Tanner and Williams [25], Mewis and
Schoukens [26], and Zeegers [27]. The instrument and geometry designs used in
this work are based on subsequent work of Vermant et al. [28, 21].

In particular, he has developed the relations stated in equations (25) and
(26), that express the storage and loss moduli corrected for the inertia, the
friction, and the compliance of the instrument [28].

G0 =
1

A

✓
F0

s0
cos � �K + (m+ �A⇢)!2

◆
(25)

G” =
1

A

✓
F0

s0
sin � � ⇣!

◆
(26)

In these equations K is the motor compliance, m the sum of the motor and
geometry masses, and ⇣ the friction coe�cient of the motor. The geometrical
parameters A and � are defined in literature. The only parameter that is mea-
surement dependent is ⇢, the density of the analyzed sample. F0 and s0 refer
to the amplitude of the measured force and displacement during the experi-
ment. The dynamic moduli definitions imply the knowledge of the phase angle
�. Thus, it cannot be calculated from the moduli but has to be obtained by the
correlation of the input and the output of the instrument.

Metri and Briels recently showed more in detail how orthogonal superposi-
tion investigates the non-linear material response at every strain rate applied,
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shear rate is applied.
The values of the storage modulus at rest measured in orthogonal super-

position are higher compared to the modulus measured in a regular (parallel)
frequency sweep. This di↵erence maybe comes from the limitation to perform a
correct pre-shear protocol that homogenizes the precedent microstructure, leav-
ing a residual elastic response or the presence of an anisotropic microstructure
induced during loading.

Figure 27: Orthogonal dynamic moduli as function of frequency for di↵erent
applied steady shear rates for the Carbopol gel. Closed and open symbols are
the storage and the loss modulus, respectively. Patterned areas highlight the
operational window.

When a steady shear is applied, the gel structure of the material breaks
down and the material loses its elasticity, see Figure (28). The decrease of the
storage modulus is stronger than for the loss modulus. However, the value of
the loss modulus is not overlapping during the transition. This variation to the
expected behaviour is possibly caused by instrument noise.

Even with the experimental noise, it is possible to see how the material
moves into the transition region increasing the We number. Indeed, the two
moduli overlay at low Deborah number as shown for the strain amplitude near
the cross-over point. It was not possible to take meaningful data for the material
in the fully liquid-like regime due to instrument noise.

The di�culties in the measurements expressed in the previous paragraphs
are emphasized by phase angle data, depicted in Figure (29).

The phase angle measured during a frequency sweep at 5% strain performed
in the parallel direction at rest is shown with the orthogonal ones, Fig.(29). The
di↵erence between the two curves at rest clearly shows that the elastic storage at
low Deborah number is not canceled out by the applied pre-shear protocol. The
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ADVANCED RHEOMETRY

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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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

27

<latexit sha1_base64="XwjnSReN3S+1+n7nZEIGH2Ew3JY="></latexit>

⌘(⌧eq) = ⌘0a⌧ (⌧eq) = ⌘0

⇣⌧eq
⌧0

⌘

sinh
⇣⌧eq

⌧0

⌘

Stress activated flow in a 
dense suspensionx

Eyring (1959)

Using superposition rheology 
as an independent test

Creating mastercurve based 
on this idea of stress 
activated flow

<latexit sha1_base64="S9nZCkKYt9eZnhDfvztnwHmL2LM="></latexit>

�(⌧) =
⌘0
G
a⌧ (⌧) = �0a⌧ (⌧)

Conclusion : classical 
plasticity model - Two 
parameter model, extended to 
3D, tested in startup flows
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