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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

2 Roughness as a design parameter in gels

5 One example of a SID : Carbopol

1 Introduction 4 Microstructure evolution

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)
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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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Stress activated flow in a dense suspension

Eyring (1959)

Creating mastercurve based 
on this idea of stress 
activated flow
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�(⌧) =
⌘0
G
a⌧ (⌧) = �0a⌧ (⌧)

Conclusions and further work: 
Detailed microstructural studies, on to micromechnaics
Techniques operational, now onto more industrial systems.

Manuscript in prepartion

manuscript under review

Roughness factor 0 10 0 2 4 8
Core size [nm] 250 250 750 750 750 750
Asperity size [nm] 0 25 0 15 30 60
Critical strain [%] 0.3 18.9 0.19 0.44 5.23 10.2

Table 1: Critical strain from the creep experiments as function of roughness for particles with

a 250 nm and 750 nm core diameter.

imaging in terms of size and refractive index matching, Figure 3 still reveals the consequence of interlock-142

ing of the rough particle asperities through oscillatory recovery experiments and confocal microscopy after143

continuous shearing. The rheological data in Figure 3a. and 3b. show an oscillatory recovery measurement,144

where smooth and rough primary particle gels at a volume fraction of � = 0.25 are first sheared at � = 100%,145

which fluidifies both gels (smooth gel �max = 7.4 Pa, rough gel �max = 25.9 Pa). Then, they are left to146

recover in the LVE region at � = 0.01% (smooth gel �equ = 0.23 Pa, rough gel �equ = 0.98 Pa). The smooth147

particle gel never recovers to the initial plateau modulus (indicated by the continuous horizontal line), even148

for much longer times than 5 min. For the rough primary particle system, a full recovery of the elastic149

modulus occurs after 3.5 min, and the measurement is stable compared to the smooth one. The reason for150

the full and quick recovery in the rough particle gel, is the fact that particles can interlock, which prevents151

the particles from densifying into compact clusters. The fluidification of rough gels results in the breakup152

of open flocs which can recover their initial geometry more easily. The dense clusters that occur during the153

shearing of smooth particle gels are not able to separate when shear subsides, and thus the gel will reform154

with much larger and more compact primary clusters. This is also apparent in the confocal images in Figure155

3, where the structure prior to shear is shown compared to the structures after 0.01 s�1, 1 s�1 and 100 s�1
156

of shearing (intermediate shear rates are shown in SI Figure 5). The structures prior to shear of the rough157

and smooth particle gels are quite comparable. In the confocal images of the smooth particle gel (Figure158

3a.), there are some cracks and larger voids forming after shearing at 0.01 s�1. After shearing at 1 s�1, there159

is a clear particle rich and particle poor region in the image. When sheared at 100 s�1, the sample shows160

a particle dense region without an apparent network structure; the particles have been broken apart by the161

shear forces, but some clusters seem to remain. In the confocal images of the rough particle gel (Figure 3162

b.), the network structure prevails throughout all images, showing that interlocking of the surface asperities163

hinders flow densification.164

The rheological and optical characterization both show that, while being comparable in the quiescent165

state, smooth and rough particle gels di↵er during and after yielding. In smooth gels, the plastic events and166

particle bonds rupture very locally and occur progressively. The rough particle gels, similar to Velcro®, pull167

apart more slowly and are more likely to reattach due to the non-central forces and interlocking mechanisms.168

Therefore, the deformation is homogeneous, but the final structure collapses suddenly. This correlation is169

further highlighted by studying systems of particles with asperities of di↵erent sizes relative to the same170

750 nm core. The di↵erence can be rationalized by a roughness factors, defined below:171

Roughness factor = 100
asperity size

core size
. (1)

Table 1 shows the values of the critical strain for particles of di↵erent roughness factors (core size 750 nm)172

in addition to the previously shown system of particles (core size 250 nm). The critical strain at which the173

structure starts to yield in a continuous flow condition increases with increasing roughness factor. This is174

in line with the previous argument, where for rough particles, the interlocking asperities detach at larger175
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Roughness factor = 100
asperity size

core size
.

3. Applications
Non thixotropic and though(er)
3D printing, Xerogels and gravitational stability

Roughness allows 
to simplify the 
formulations as 
moduli, yield stress 
and thixotropy can 
be influenced 
independently.
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