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1.1

Chapter 1. Introduction

Introduction

The field of soft matter (or complex fluids), a subfield of condensed matter, was pioneered
by P. G. de Gennes, for which he was awarded the 1991 Nobel Prize in physics [1].
Soft matter has two main features: complexity and flexibility, which differentiate it from
simple Newtonian fluids and elastic solids. Simple fluids are characterized by a shear-rate
independent viscosity η, a measure of their resistance to an imposed flow [2]. In contrast,
elastic solids will be instantaneously deformed by an external force, and after this force is
removed, they will return to their initial shapes [3]. Compared to Newtonian liquids and
elastic solids, the rheological behavior of soft matter is often difficult to predict or describe.
This is because the materials exhibit an unusual mechanical response to applied stress or
strain, due probably to their internal mesoscopic structures [1].

Figure 1.1: Typical length scales that characterize colloids, granular particles and polymers.
Soft matter covers a wide range of materials, including colloids [4–7], foams [8–10],
emulsions [11–15], polymers and gels [16–20], granular materials [21], liquid crystals
[22, 23] and a certain number of biological materials [24–26]. It is not only of great
importance in industry, but also an active area in fundamental research [27]. In this thesis,
employing similar rheology methods, we systematically study two systems: granular
suspensions as shear thickening fluids (Chapter 3-5) and polymer glasses as viscoelastic
solids (Chapter 6). The length scales of colloids, granular particles and polymers are
illustrated in Fig. 1.1 [28].

1.2

Granular suspensions

Based on flow curves in which shear stress is plotted as a function of shear rate, fluids
can be categorized into Newtonian fluids and different types of non-Newtonian fluids (Fig.
1.2). The non-Newtonian fluids generally include yield stress (Bingham), shear thinning
(pseudoplastic) and shear thickening (dilatant) types of fluids. It is worth mentioning that
the viscosities of these fluids are time-independent. The first system studied in this thesis
is a granular suspension, which is a shear thickening fluid. In this type system, the steady
state viscosity increases with the applied shear rate.

1.2. Granular suspensions
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Figure 1.2: Schematic representation of flow curves (shear stress vs. shear rate) for
different types of fluids.
Very often, granular suspensions are prepared by dispersing distinct solid particles
into a continuous liquid phase [29]. The particle size (diameter) is normally larger than
1 µm, so that Brownian motion can be neglected and interactions between particles are
mainly repulsive forces, coming into play when the particles come into contact with each
other [30]. Granular suspensions are seemingly simple systems, yet they exhibit shear
thickening behavior. One famous example is a cornstarch suspension comprising irregular
cornstarch particles of ∼ 20 µm dispersed in water (Fig. 1.3(a)). For a concentrated
suspension, one can even walk across the liquid provided one does so at a fast pace (Fig.
1.3(b))!

Figure 1.3: (a) Micrograph of cornstarch particles [31]. (b) Photograph showing people
walking on a pool filled with cornstarch suspension.
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Zero-shear viscosity

In this thesis (Chapters 3-5), we use hard spherical particles. The study of suspensions of
such particles can be dated back to the early 20th century, and the rheology of granular
suspensions has been a topic of great interest ever since.
In the dilute limit (ϕ ≤ 3%), Einstein showed that a suspension’s zero-shear viscosity
can be described as a first-order correction to the fluid viscosity: η = η0 (1 + 2.5ϕ), where
ϕ is the particle volume fraction and η0 the viscosity of the suspending liquid [32, 33].
This equation only considers viscous dissipation produced by the flow around a single
particle. As ϕ increases (ϕ ≤ 10%), particles get closer to each other and the viscous
drag on any particle is influenced by nearby ones, so that non-trivial hydrodynamic
interactions become important. To second order, such interactions between two particles
lead to a contribution to η that is proportional to ϕ2 . The zero-shear viscosity thus
becomes: η = η0 (1 + 2.5ϕ + 6.2ϕ2 ). A further extension to this equation is given by
dη = 2.5η(ϕ)dϕ, considering that viscosity increment dη is caused by the addition of a
particle concentration dϕ into a suspension of viscosity η(ϕ). Integrating the differential
eqaution gives η = η0 exp([η]ϕ). Here, [η] is the intrinsic viscosity, which is equal to 2.5
for spherical particles.
Particle-particle contact interactions eventually come into effect as the volume fraction
is increased beyond the dilute limit, resulting in behaviors such as shear thinning [34], shear
thickening [35], yield stresses [36] and normal stresses [37]. The elongational rheology
is also different from that in a dilute case [38]. At high volume fractions, the suspension
viscosities can be described using the Krieger-Dougherty model with a general form:
η = η0 (1 − ϕ/ϕm )−[η]ϕm , with ϕm the maximum packing fraction, where the viscosity
diverges [39]. One example is shown in Fig. 1.4.

Figure 1.4: Global viscosity as a function of particle volume fraction with a fit from the
Krieger-Dougherty model. From the fitting, ϕm is determined at 60.8% [39].
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In the following sections, we briefly introduce some interesting phenomena encountered
in granular suspensions that we will study in this thesis.

1.2.2

Shear thickening

Granular suspensions show a shear-rate-dependent rheology. If the particles and suspending
liquid are density matched, a Newtonian behavior is observed at low shear rates, where the
shear stress is proportional to the shear rate, resulting in a constant viscosity [36]. As the
shear rate increases and eventually exceeds a critical value, the viscosity can increase with
shear rate in either a continuous or a discontinuous manner, leading to continuous shear
thickening (CST) at low particle volume fractions or discontinuous shear thickening (DST)
when volume fractions are high enough (Fig. 1.5(a)).
Measuring the shear viscosity in practice is not easy, one main reason being that a
small error in density matching can have large rheological consequences. Note that even an
order-of-magnitude difference in viscosities has been reported in rheological tests by the
concrete industry [40]. Specifically, if particles are denser or lighter than the suspending
liquid, particles precipitate to the bottom layer or cream up on top of the liquid. Both
gravity-induced heterogeneity [36] and shear-induced particle migration [41] easily change
the local distribution of the particles in the whole system. As a result, one has to attempt to
maintain an homogeneous particle distribution and to disentangle particle migration and
shear thickening. In practice, a density-matched suspension can be achieved by adding
salt (NaI) to adjust the density of the suspending liquid (water); a uniform distribution
of stress and shear rate throughout the whole measuring gap in a cone-plate geometry
prevents particle migration (Chapter 2). The "clear" results shown in Fig. 1.5(a) suggest
that heterogeneity is not at the origin of shear thickening.

Figure 1.5: (a) Viscosity as a function of shear rate measured for ϕ = 55% and 57%
granular suspensions using a cone-plate geometry. The particle diameter is d = 6 µm. (b)
Local shear stress versus local shear rate measured for various local volume fractions
using a wide-gap Couette geometry (from right to left: ϕ = 56.8%, 57.6%, 58.1%, 58.5%,
58.8%, 59%,59.3%, 59.5%, 59.7%, 59.8%, 60%). The full lines indicate γ̇ scaling, the
dotted lines γ̇ 2 scaling [[41].
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Figure 1.6: (a) Schematical illustration of the difference between contact forces (upper
panel) and hydrodynamic forces (lower panel) upon shear reversal. (b) Relative viscosity
η as a function of shear rate γ̇ for silica suspensions. The particle diameter d = 2.0 µm.
Shear rate-sweep measurements are shown in gray, while steady-state relative viscosities
from flow reversal (red) are decomposed into contributions from hydrodynamic (blue) and
contact (green) interactions [47].

Another way to separate shear thickening from particle heterogeneity is to investigate
the local rheology. Using magnetic resonance imaging (MRI) [42], a local velocity
and a corresponding local particle volume fraction can be obtained for a fixed granular
suspension to complement macroscopic rheology measurements in a Couette geometry
where particle migration obviously occurs. One typical example is shown in Fig. 1.5(b),
characterized by a distinct transition between a linear regime at low shear rates and a
quadratic regime at high shear rates where shear stress scales with shear rate squared, i.e.,
a Bagnoldian dependence [43]. Since normal stresses in the shear thickening regime also
show a quadratic dependence on shear rates [44], shear stress is proportional to normal
stress as in [45], indicating a frictional behavior in this regime [41, 46]. Therefore, the
transition between the two regimes can be described as a transition from one regime
in which hydrodynamic interactions dominate to a second one which is dominated by
frictional contacts between colliding particles.
By performing shear-reversal experiments, as proposed by Gadala-Maria et al. [47],
the respective contributions of hydrodynamic interactions and contact forces to the effect
of shear thickening can be estimated. The idea is simple: immediately upon shear reversal,
due to the reversibility of Stokes flow, hydrodynamic stresses will remain (in magnitude);
but contact stresses will disappear (Fig. 1.6(a)). Thus, the two contributions can be
disentangled. As clearly shown in Fig. 1.6(b), contact forces dominate the shear thickening
behavior at high shear rates; while at low shear rates, the Newtonian plateau is mainly
attributed to the hydrodynamic interactions, this is consistant with theoretical predictions
based on hydrodynamics considerations [48].

1.2. Granular suspensions
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In this thesis in Chapter 3, we present direct evidence of frictional contacts between
particles inducing shear thickening by using specific fluorescent molecules that are sensitive
to stress. Meanwhile, the way that suspensions shear thicken also depends on how it is
sheared. By performing stress-controlled rheological measurements, we reveal a nonmonotonic shear thickening behavior.

1.2.3

Normal stress

As mentioned above, when shearing suspensions with high volume fractions, particleparticle interactions come into play, leading to the emergence of normal stresses. The
normal stress differences are non-linear effects. For a steady simple-shear flow, N1 (γ̇˙ ) =
σ11 −σ22 is defined as the first normal stress difference and N2 (γ̇˙ ) = σ22 −σ33 as the second
normal stress difference. Here, σ is the normal stress component and the subscripts 11, 22,
33 designate the velocity, velocity gradient, and vorticity directions, respectively (Fig. 1.7).
Accordingly, we also have the first and second normal stress difference coefficients with
N1 = Ψ1 · γ̇ 2 and N2 = Ψ2 · γ̇ 2 [44].
From a physics viewpoint, the emergence of non-zero normal stress differences originates from anisotropic microstructures caused by shear, generating a finite stress orthogonal
to the shear plane. It is in analogy with the so-called Poynting effect in nonlinear elasticity,
where a torsional strain on a cylindrical rod causes an entensional stress in the axial direction [49]. Normal stresses are crucial to getting a better insight into shear thickening in
granular suspensions, since as already mentioned, in a frictional system the normal stresses
become comparable to the shear stresses.

Figure 1.7: Normal-stress components (σ11 , σ22 , and σ33 ) in a steady shear flow. σs = σ21
is the imposed shear stress. The subscript 11 indicates the flow direction, the direction of
22 is perpendicular to the flow plane, and the direction of 33 is perpendicular to 11 and
22.
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To measure normal stress differences, one can employ a cone-plate geometry which
N2 (detailed information is provided
gives N1 , and a plate-plate geometry which gives N1 −N
in Chapter 2). Using these two geometries, we show normal stress measurements in
concentrated granular suspensions in Chapter 4. The origins of both positive and negative
normal stresses are discussed and their link with shear thickening effect is shown.

1.2.4

Elongational rheology: droplet pinch-off

A complete understanding of granular suspension rheology necessitates also the study of
elongational flows. In elongational rheology, two parallel plates are pulled apart from each
other and a liquid bridge between the two plates elongates [50]. Similar to the shear rate,
the elongational rate can be defined as ˙ = (1/h)(dh/dt) with h the distance between two
plates. The elongational viscosity is defined as ηe = σn /,
˙ with normal stress σn = F/A
as the ratio between normal force and cross-sectional area. For simple fluids, the uniaxial
elongational viscosity is three times as large as shear viscosity, and the ratio of the two
viscosities is called the Trouton ratio: T r = ηe /η = 3 [51].
In practice, most laboratory experiments have been conducted by studying the thinning
dynamics of the fluid filaments, i.e., droplet pinch-off. For example, M. Roché and coworkers studied droplet pinch-off behavior in cornstarch suspensions and reported three
different pinch-off regimes depending on the cornstarch volume fractions as shown in Fig.
1.8 [52]. Perhaps the most fascinating case is at high concentrations (ϕ ≥ 33%), where
shear thickening becomes evident in shear rheology. Here, the filament thinning rates slow
down and vary exponentially with thinning time, during which period the filament shows
an unusual cylindrical shape. The Trouton ratio is observed to be constant, and is close to
3 for the highest volume fraction (ϕ = 38%) as observed for simple fluids.

Figure 1.8: Pinch-off of cornstarch suspensions. (a) Inviscid-like at ϕ = 26%; (b) Viscouslike at ϕ = 30%; (c) Viscoelastic-like at ϕ = 38%. Scale bar is 2 mm [52].

1.2. Granular suspensions
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Figure 1.9: Pinch-off of pure water at the last stages. (a) ∆t = 2.8 ms; (b) ∆t = 1 ms; (c)
∆t = 0 ms. Scale bar is 2 mm
The study of droplet pinch-off behavior deals with the problem of hydrodynamic
singularities. As a simple example, consider a water droplet. Fig. 1.9 shows a series of
images representative of the dynamic process of a water droplet forming below a syringe
orifice. The images show that because of surface energy considerations, the liquid cylinder
formed initially is not stable. It gradually thins, and eventually the radius of the liquid
cylinder goes to zero, i.e., the droplet pinches off. Intuitively, a singularity implies that a
local length scale of the system goes to zero, in a finite time.
The formation of a singularity is controlled by the time interval ∆t = t0 - t to the final
pinch-off. As t0 is the time when the final pinch-off happens, ∆t > 0. The singularity is
also characterized by a single length scale; in this thesis we use the minimum neck (liquid
cylinder) diameter 2Rmin . For droplet pinch-off, surface tension γ is always the driving
force, while for Newtonian fluids, the resistant forces can be liquid inertia, inertia/viscous
and viscous forces depending on the viscosity of the liquid. Consequently, we have three
different pinch-off regimes depending on the relation between 2Rmin and t0 − t:
• Capillary-inertia regime: 2Rmin = 0.7 (γ/ρ)1/3 (t0 − t)2/3
• Capillary-inertia/viscous regime: 2Rmin = 0.0304 (γ/η)(t0 − t)
• Capillary-viscous regime: 2Rmin = 0.0708 (γ/η)(t0 − t)
These equations can also be obtained by dimensional analysis; see [53, 54] for detailed
information.
Droplet pinch-off in non-Newtonian fluids may show different behaviors, as exemplified
in cornstarch suspensions (Fig. 1.8). In Chapter 5, we report on droplet pinch-off behavior
for granular suspensions, and discuss the link with shear thickening rheological behavior.
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Polymer glass transition

In granular suspensions discussed above, the shear thickening behavior can be viewed as
shear-induced jamming: the resistant force to the flow increases [?]. This is an exception
to the general rule: most systems organize themselves in the flow to decrease the resistant
force and thus the flow becomes easier. In this thesis, we will also consider the case of
unjamming under stress. For this, we will study a system of polymer glass, which is an
example of a viscoelastic solid [55]. A polymer is a large molecule that contains many (up
to 107 ) repeating units (monomers) that are covalently bonded, and its molecular weight is
usually larger than 10 000 [56]. Their high molecular weights enable polymers to display
many distinct physical properties, such as toughness and viscoelasticity. They can also be
easily formed into polymer glasses and semi-crystalline structures.
Polymer glasses form when, due to packing frustration, amorphous polymers are left
in a configuration that is not at the global energy minimum. In other words, the formation
of polymer glasses is an out-of-equilibrium phenomenon [57, 58]. By definition, molecular
motion in polymer glasses is very slow and a liquid-like flow is not possible [59]. Therefore,
polymer glasses have a high (Young’s) modulus and a very high viscosity. One way to
trigger the molecular motion, based on an Arrhenius picture, is to increase the temperature
of the system. As shown in Fig. 1.10, three different plateaus for the modulus are observed
in polymer glasses upon increasing the temperature, corresponding to a glassy state, a
rubbery state and a viscous state, respectively [55]. The glass transition occurs at a critical
temperature Tg , also known as the glass transition temperature, at which the modulus drops
by several orders of magnitude.

Figure 1.10: Amorphous polymer glass melting behavior, for which the Young modulus
E is plotted as a function of temperature T . For comparison, the melting behavior of a
semi-crystalline structure is also shown.
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The nature of the polymer glass transition has been extensively studied over the past
decades, and many theories have been developed. Here we only discuss the free volume
theory [60] that is relevant to this thesis (Chapter 6).

1.3.1

Free volume theory

Free volume theory considers that polymer glasses are comprised of both polymer "occupied volume" and "free volume". The existence of the latter holds possibilities for
molecular mobility. At low temperatures (T < Tg with Tg the polymer glass transition
temperature), the increase in the volume (V
Vg ) of the glassy system with increasing temperature is solely attributed to the expansion of the polymer itself. At high temperatures
(T > Tg ), not only the polymer but also the free volume itself can expand as temperature
is increased, and both parts contribute to the volume increase (V
Vr ) of the rubbery state.
dV
Naturally, ( dV
)
>
(
)
,
as
shown
in
Fig.
1.11.
Consequently,
the glass transition can
dT r
dT g
be understood as the process by which, at high temperatures (T > Tg ), the free volume
increase triggers the large-scale movements of polymer segments, inducing a reversible
transition from an amorphous solid to a viscous liquid.
Specifically, the molecular mobility is described as the inverse measure of the macroscopic viscosity, and the viscosity can be correlated with free volume through Doolittle’s
equation: η = A exp(BV0 /Vf ), where B ≈ 1, V0 is the polymer occupied volume at
T = 0 K and Vf is the free volume [61]. Thus, f = Vf /(V
V0 + Vf ) ≈ Vf /V0 is the free

Figure 1.11: Schematic illustration of free volume theory.
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volume fraction. Based on the Doolittle’s equation, a semi-empirical WLF equation can
also be obtained as follows [62]:
lg

17.44 − (T − Tg )
η(T )
=−
η(Tg )
51.6 + (T − Tg )

Free volume theory claims that all polymer glass transitions happen at a critical free
volume fraction fg of 2.5% and that below the glass transition temperature Tg , the free
volume does not change. However, many experiments show that the free volume can
decrease during physical aging process even at temperatures below Tg [63].
According to the Eyring model [64], externally imposed stress can also induce a
polymer glass transition by lowering the energy barrier to induce polymer segmental and
molecular-level movements [65]. In Chapter 6, we systematically study the shear-induced
polymer glass transition, and show that (more) free volume is created by shear and thus is
a key parameter to understand this behavior.

1.4

Scope of this thesis

In this thesis we focus on the study of the rheological properties of two kinds of soft
matter materials: granular suspensions and PVAc polymer glass. The thesis is structured
as follows:
• Chapter 2: in this chapter we briefly describe the principle of rheology and the
experimental techniques that are used in rheological measurements. We also provide
information about the materials used, i.e., granular particles and PVAc polymers.
• Chapter 3: this chapter focuses on S-shaped flow curves (shear stress vs. shear rate)
observed in concentrated granular suspensions under stress-controlled rheological
measurements. Stress visualization experiments with the novel fluorescent probe
DCVJ suggest that S-shaped shear thickening is due to the discontinuous formation
of a frictional force network between particles upon increasing the stress [66].
• Chapter 4: in this chapter we report on normal stress measurements in concentrated
shear-thickening granular suspensions. In both oscillatory and rotational measurements, a transition from a positive to a negative normal stress is observed upon
varying the particle diameters and the gap sizes. The posivtive contribution to the
normal stress from the particle phase and the negative contribution from the liquid
phase are estimated; a link between normal stress and shear thickening effect is also
established [67].
• Chapter 5: in this chapter we study droplet pinch-off behavior (elongational rheology) in granular suspensions. Depending on the particle diameters and the volume
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fractions, an inertial regime, a symmetric inertial regime and a Bagnoldian regime
are demonstrated. In the Bagnoldian regime, elongational rheology is shown to be
correlated with shear rheology [68].
• Chapter 6: in this chapter we use the fluorescent probe DCDHF to study the free
volume changes in glassy polymer films. The polymer glass transition behavior is
shown to be achieved in both temperature-controlled and shear-controlled experiments with similar free-volume changes. The shear-induced polymer glass transition
behavior can be predicted by a modified Eyring model based on lowering the energy
barrier by the imposed deformation. In addition, a modified microscopic, non-affine
displacement theory is introduced to quantitatively reveal the role of free volume in
describing the glass transition behavior [69].
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Chapter 2

Experimental techniques
The experiments reported in this thesis can be generally divided into three parts: rheological measurements (Chapters 3-6), fluorescence measurements (Chapters 3, 6) and droplet
pinch-off experiments (Chapter 5). In this chapter, we first briefly introduce the basic
definitions of the rheological terms, and the used rheometers and measurement geometries.
Rheological measurement methods are also described. We next discuss two other experimental instruments: a rheometer-coupled confocal laser scanning microscopy used for
fluorescence measurements and a high-speed camera for droplet pinch-off experiments. In
the end, the materials used in this thesis are reviewed.
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2.1
2.1.1

Rheological measurements
Rheological terms

Rheology is the science of flow and deformation, i.e., rheology not only provides information about the flow behavior of liquids, but also about the deformation of solids [1, 2].
Let us start by considering a simple shear deformation (Fig. 2.1). Consider a sample
loaded between two parallel plates where the upper plate (of area A) is set into motion by a
tangential force Fs . The lower plate is stationary and the two plates are separated from
each other by a distance h. If the upper plate is displaced over a distance d within a time
scale t, the sample is deformed. The following rheological terms are defined [2]:
• the shear stress (σ) is defined as the tangential force Fs per unit area: σ = Fs /A,
• the shear strain (deformation γ) is defined as the ratio between d and h: γ = d/h,
• the shear rate (γ̇) is defined as the rate of deformation: γ̇ = dγ/dt.
For a simple liquid, the shear stress is proportional to the shear rate; their ratio η = σ/γ̇
is constant and is called the shear viscosity [3]. However, complex fluids do not follow
this ideal behavior and their viscosities vary with applied shear rates [4, 5]. For example,
concentrated granular suspensions studied in this thesis show shear thickening behavior:
after arriving at a critical shear rate, their viscosity increases with increasing shear rate.
For an elastic solid, the imposed shear stress will cause an instantaneous, reversible
deformation and the deformation will not change until the applied shear stress is varied [6].
In this case, the shear stress is proportional to the shear strain (Hooke’s law): G = σ/γ. G
is called the shear modulus, which is constant for elastic solids but can change, e.g., as a
function of time or frequency, for viscoelastic solids such as polymer glasses.

Figure 2.1: Schematic overview of the two-plates model, discribing how a sample is
sheared between two parallel plates. Fs is the tangential force, and the case of a positive
normal force FN is also shown.
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On the other hand, shearing complex fluids generates normal forces. Depending on
the material, a positive normal force that tends to separate the two plates (Fig. 2.1) and a
negative normal force that tends to pull the two plates together can be observed [7, 8]. To
measure the normal forces (and their relation to the normal stresses), cone-plate geometry
and plate-plate geometry can be employed, both of which are described below.

2.1.2

Rheometers

A rheometer is a laboratory device used to measure the way in which a liquid flows
or a solid deforms in response to the applied forces. The basic operating principle of a
rheometer can be described as follows: a torque M is imposed along the axis of a rod which
is free to rotate and the resulting angular motion is recorded (stress-controlled rheometer);
or the angular motion is controlled and then the torque is measured (shear rate-controlled
rheometer) [9, 10]. Depending on the measurement geometry, the torque and the angular
displacement can be used to calculate the shear stress and the shear rate, respectively.
In this thesis, rheological measurements are performed by using an Anton Paar MCR
302 and MCR 300 rheometer, which are shear stress-controlled rheometers, imposing the
torque and measuring the rotation rate. A DSR 301 rheometer head is also used, coupled
to an inverted confocal laser scanning microscope for fluorescence measurements (Figs.
2.2 & 2.5).

Figure 2.2: Rheometers used in rheological measurements: (a) Anton Paar MCR 302, (b)
DSR 301.
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Geometries

We now introduce 3 geometries that are used in rheological measurements: the Couette
geometry (Chapter 3), the cone-plate geometry (Chapters 4, 5) and the plate-plate geometry
(Chapters 4, 6).
(i) The Couette geometry consists of an inner cylinder and an outer cup, both of which
share the same rotation axis when mounted in the experimental setup (Fig. 2.3(a)). In our
experiments, the inner cylinder is rotational while the outer cup remains stationary. In this
case,

σ=

γ̇ =

M
2π · L · r2

1 (2 · Ri2 · Re2 )
·
·ω
r2 (Re2 − Ri2 )

where M is the torque, ω is the angular frequency, Ri is the radius of the inner cylinder
and Re is the radius of the outer cup (Fig. 2.3(a)). r is the distance between the rotation
axis and any layer of the sample with Ri ≤ r ≤ Re .

According to the ISO standard, for a narrow-gap Couette geometry, the maximum value
of the ratio of the outer cup radius and the inner cylinder radius is δcc = Re /Ri = 1.0847
[2]. The velocity profile in a narrow gap is to a good approximation a straight line:
v(r) = ω · r (Fig. 2.3(b)). In a wide gap, the curvature of the profile becomes visible. In
our narrow-gap geometry, the above two equations can be approximated as:

Figure 2.3: Couette geometry used in rheological measurements: (a) side view, (b) top
view, where a linear distribution of velocities v(r) is shown.
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2
1 + δcc
σ i + σe
M
=
= Css · M
2
2
2 · δcc 2π · L · Ri2 · cL

γ̇ =

γ̇i + γ̇e
1 + δ2
= 2 cc · ω = Csr · ω
2
δcc − 1

Here, cL is the “end-effect correction factor” that accounts for the conical area of
the apex of the inner cylinder (Fig. 2.3(a)). Css and Csr are conversion factors for the
shear stress and the shear rate, respectively, depending only on the geometry’s dimensions.
The Couette geometry used in Chapter 3 is a narrow-gap geometry with Re /Ri = 14.5
mm/13.5 mm = 1.074.
(ii) The cone-plate geometry is probably the most commonly used geometry, with a
cone described by its radius R and its cone angle α. In general, a cone is truncated at a
distance h from the bottom plate, in order to avoid frictional effects (Fig. 2.4(a)). For this
geometry, we have:
3M
2π · R3
ω
ω
≈
γ̇ =
tanα
α
σ=

The advantage of a cone-plate geometry is that the distribution of shear stress and shear
rate is uniform throughout the whole conical gap. Using a cone-plate geometry, the first
normal stress difference N1 is measured, which is related to the measured normal force
F [11] as:
N1 =

2F
π · R2

(iii) The plate-plate geometry consists of two parallel plates with flat surfaces. Normally,
the upper plate rotates and the bottom plate stays stationary. The advantage of this geometry
is that the gap between two plates can be varied, provided however that h  R (Fig. 2.4(b))
[2]. Here we have:
σ=
γ̇ =

2M
π · R3
ω·R
h

In the above equations, the shear rate is given by the value at the rim of the upper plate,
and it is clear that the shear rate increases linearly with the distance from the center. In a
plate-plate geometry, the normal stress difference is measured as:
N 1 − N2 =

2F
1 dlnF
)
(1 +
π · R2
2 dlnγ̇
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Figure 2.4: Two geometries used in the rheological measurements: (a) cone-plate geometry, (b) plate-plate geometry.

2.1.4

Rheological measurements

(i) Rotational measurements. There are two ways to perform rotational measurements:
shear rate sweeps and shear stress sweeps. The former involves measuring shear stresses
when shear rates are systematically varied for example from 0.01 s−1 to 100 s−1 . The latter
involves measuring shear rates while shear stresses are controlled. Usually, a constant
shear stress or a constant shear rate is imposed for a certain time in order to allow the
system to reach a steady state.
(ii) Oscillatory measurements. Different from rotational measurements, this kind of
measurement is performed by applying a sinusoidal, oscillatory strain or stress. If we apply
a sinusoidal shear strain γ of amplitude γ0 and frequency ω, given by γ = γ0 sin ωt, the
shear stress σ(t) response is proportional to, but out of phase with γ:
σ(t) = σ0 sin(ωt + δ) = γ0 [G (ω) sin(ωt) + G (ω) cos(ωt)]
Oscillatory measurements allow to determine both the storage modulus (G ) and the
loss modulus (G ) of the material. G = σ0 /γ0 cos δ is a measure of the storage of elastic
energy, while G = σ0 /γ0 sin δ is associated with the viscous energy dissipation. δ is the
phase difference between the applied strain and the stress response. For an elastic solid,
G = 0 and δ = 0◦ , while for a viscous liquid G = 0 and δ = 90◦ . For viscoelastic
materials, both G and G are nonzero and 0◦ < δ < 90◦ .

2.2

Fluorescence measurements

For fluorescence measurements, we employ a confocal laser scanning microscope (Zeiss,
LSM 5 Pascal, see Fig. 2.5). The main feature of this device is that it places a spatial
pinhole at the confocal plane of the lens to eliminate out-of-focus light, increasing the
optical resolution and contrast of the fluorescent images. The images are obtained by
scanning the sample point by point, and three-dimensional structures can be reconstructed
by collecting sets of images simultaneously scanned at different depths in the sample.

2.2. Fluorescence measurements
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The microscope is inverted so that it can be coupled with a DSR rheometer. The
microscope and the objective are positioned below the microscope slide, and the rheometer
is positioned on top (Fig. 2.6). This enables fluorescence measurements to be conducted at
the same time as rheological measurements.

Figure 2.5: DSR 301 rheometer head coupled to a Zeiss, LSM 5 Pascal confocal laser
scanning microscope.

Figure 2.6: Schematical diagram of the experimental setup for simultanuous rheological
and fluorescence measurements [12].

28

2.3

Chapter 2. Experimental techniques

Droplet pinch-off experiments

The droplet pinch-off experiments are carried out by using a high-speed video camera
(Phanton V7 at 10 000 frames/s) to track the droplet breakup process. As schematically
shown in Fig. 2.7, the liquid sample is kept in a syringe, and the controlled release of the
liquids is achieved by means of a syringe pump, where a syringe nozzle is employed to
achieve a low drop-emission rate. The droplet pinch-off events are recorded by a video
camera equipped to record series of images with good image resolution and contrast. The
computer saves the images automatically for later analysis.

Figure 2.7: Schematic diagram of the experimental setup for studying droplet pinch-off
behavior [13].

2.4
2.4.1

Materials
Granular particles

All granular particles are provided by MICROBEADS AS, Norway. They are either crosslinked poly(methyl methacrylate) (PMMA) beads (with a density of ρ = 1.19 g/cm3 ) or
cross-linked polystyrene (PS) beads (ρ = 1.05 g/cm3 ) with uniform shape and size (Fig.
2.8). The particle sizes used in this thesis range from 6 to 500 µm.

Figure 2.8: Granular particles provided by MICROBEADS AS, Norway.
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The granular suspensions used in this thesis are prepared by dispersing neutrally
buoyant granular particles in a Newtonian solvent, water. To avoid sedimentation or
creaming, we prepare density-matched suspensions by adding sodium iodide (NaI, Sigma
Aldrich) to the water in order to adjust the density to that of the particles. The solvent
viscosity is about 1 mP a · s. A few drops of the surfactant Triton X-100 is also added
to lower the water surface tension; this stabilizes the system. Due to density-matching,
we can set the volume fraction of each suspension by carefully weighing the two phases
and mixing them together. We use a centrifuge to rotate the prepared suspensions at a
rotating speed of 2500 rpm for at least 15 min, the density-matched state is confirmed when
there is no apparent sedimentation or creaming in the suspensions. For density-matched
suspensions, no contacts induced by gravity exist and normal forces are only caused by
shear [14]. The suspensions are then transfered onto a rotating setup to be slowly rotated
to homogenize the particles in the solvent before use.

2.4.2

PVAc

Poly(vinyl acetate) (PVAc) is an aliphatic rubbery synthetic polymer with the chemical
formula (C4 H6 O2 )n (Fig. 2.9). It belongs to the polyvinyl esters family and is a type of
thermoplastic. The PVAc material used in Chapter 6 is one with a molecular weight of
Mw ≈ 50 000.
To make a polymer glass, we first prepare a stock solution by dissolving PVAc polymers
in a good solvent of either tetrahydrofuran (THF) or toluene at a concentration of 1 mg/ml.
After the polymers are completely dissolved, we cast one drop (∼ 25 µl) of the polymer
solution onto a clean glass slide. In order to prevente air bubbles inside the film,we first
deposit the prepared film at room atmosphere for at least 1 h. Afterwards, we transfer it to
an oven (70 °C) for subsequent drying for at least 5 days, to make sure that the solvent is
evaporated as much as possible. Finally, the polymer glass films are kept in a desiccator at
room tempareture for further use.

Figure 2.9: Chemical structure of poly(vinyl acetate) (PVAc).
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2.4.3

Fluorescent molecules

The fluorescent probe used in Chapter 3 is called 9-(2,2-Dicyanovinyl)julolidine, or DCVJ
for short (Fig. 2.10), purchased from Sigma-Aldrich. This kind of molecules belongs
to a class of rigidochromic molecular rotors based on twisted intramolecular charge
transfer (TICT) states, quantum yield increases by decreasing free rotation. In fluorescence
measurements, we use the excitation wavelength λ = 458 nm.

Figure 2.10: Chemical structure of 9-(2,2-Dicyanovinyl)julolidine (DCVJ).
In Chapter 6, we use in a polymer glass another kind of fluorescent probe-DCDHF,
synthesized by T. Suhina in our chemistry department [15]. DCDHF works in a similar
way as DCVJ, the chemical structure is shown in Fig. 2.11. In fluorescence measurements,
the excitation wavelength is λ = 488 nm.

Figure 2.11: Chemical structure of DCDHF.

Bibliography
[1] H. A. Barnes, J. F. Hutton, and K. Walters, An Introduction to Rheology, Elsevier
Science Publishers B. V., 1989.
[2] T. G. Mezger, The Rheology Handbook, 3rd Revised Edition. European Coatings Tech
Files, 2011.
[3] G. K. Batchelor, An Introduction to Fluid Dynamics. Cambridge ed., 1967.
[4] A. Fall, F. Bertrand, D. Hautemayou, C. Mezière, P. Moucheront, A. Lemaître, and G.
Ovarlez, "Macroscopic discontinuous shear thickening versus local shear jamming in
cornstarch," Phys. Rev. Lett., vol. 114, p. 098301, 2015.
[5] Q. D. Nguyen and D. V. Boger, "Measuring the flow properties of yield stress fluids,"
Annu. Rev. Fluid Mech., vol. 24, pp. 47-88, 1992.
[6] W. S. Slaughter, The Linearized Theory of Elasticity. Birkhauser ed., 2002.
[7] A. Montesi, A. A. Peña, and M. Pasquali, "Vorticity alignment and negative normal
stresses in sheared attractive emulsions," Phys. Rev. Lett., vol. 92, p. 058303, 2004.
[8] P. A. Janmey, M. E. McCormick, S. Rammensee, J. L. Leight, P. C. Georges, and F. C.
MacKintosh, "Negative normal stress in semiflexible biopolymer gels," Nature Mater.
vol. 6, pp. 48-51, 2007.
[9] C. W. Macosko, Rheology: Principles, Measurements, and Applications. Wiley-VCH,
New York, 1994.
[10] R. G. Larson, The Structure and Rheology of Complex Fluids. Oxford University
Press, Inc., 1999.
[11] J. C. Slattery, "Analysis of the finite cone-plate viscometer and of the finite parallelplate viscometer," J. Appl. Polym. Sci., vol. 8, p. 2631-2643, 1964.
31

32

Bibliography

[12] J. Paredes, N. Shahidzadeh-Bonn, and D. Bonn, "Shear banding in thixotropic and
normal emulsions," J. Phys.: Condens. Matter, vol. 23, pp. 284116, 2011.
[13] M. Aytouna, PhD thesis "Droplet dynamics", University of Amsterdam, 2012.
[14] A. Fall, A. Lemaître, F. Bertrand, D. Bonn, and G. Ovarlez, "Shear thickening and
migration in granular suspensions", Phys. Rev. Lett., vol. 105, p. 268303, 2010.
[15] T. Suhina, B. Weber, C. E. Carpentier, K. Lorincz, P. Schall, D. Bonn, and A. M.
Brouwer, "Fluorescence microscopy visualization of contacts between objects," Angew.
Chem. Int. Ed., vol. 54, pp. 3688-3691, 2015.

Chapter 3

S-shaped flow curves of shear
thickening suspensions: Direct
observation of frictional rheology
In this chapter, we study the rheological behavior of concentrated granular suspensions of
simple spherical particles. Under controlled stress, the system exhibits an S-shaped flow
curve (stress vs. shear rate) with a negative slope in between the low-viscosity Newtonian
regime and the shear thickened regime. Under controlled shear rate, a discontinuous
transition between the two states is observed. Stress visualization experiments with a
novel fluorescent probe suggest that friction is at the origin of shear thickening. Stress
visualization shows that the stress in the system remains homogeneous (no shear banding)
if a stress is imposed that is intermediate between the high and low-stress branches. The
S-shaped shear thickening is then due to the discontinuous formation of a frictional force
network between particles upon increasing the stress.
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Introduction

The phenomenon of shear thickening is important for many industrial applications [1] and
exists in a wide range of systems, including wormlike micelle solutions [2–4], cornstarch
[5–8] and colloidal [9,10] and non-colloidal suspensions [1,7,11,12]. Granular suspensions
made of spherical particles dispersed in a Newtonian liquid are arguably the simplest
of these systems; nonetheless their rheological behavior is very rich. If the particles
and solvent are not perfectly density matched, such suspensions will exhibit a yield
stress and pronounced shear thinning [12]; in addition the measured viscosity can be
significantly affected by particle migration [1]. For a perfectly density matched system
without migration, besides a Newtonian flow regime, both continuous shear thickening
and discontinuous shear thickening can be observed depending on the volume fraction
of particles [13, 14]. The resulting difficulty in predicting the flow behavior of a given
suspension hampers our understanding the rheological behavior of granular suspensions.
This is unfortunate since the handling and transport of granular materials in general is
responsible for a significant fraction of the world energy consumption [15].
From a fundamental point of view, shear thickening is of great interest since it is a
remarkable exception to the general rule that most complex fluids organize themselves in
flow to minimize the flow resistance. Shear thickening is the opposite and often described
as a shear-induced jamming transition [1,7,8]; however, other mechanisms are also under
debate [6, 16]. Consequently, to precisely predict the thickening behavior remains a
challenge. For instance, the assertion that shear thickening is due to the inertia of the
particles implies that the thickening happens at a Stokes number St ≈ 1 as observed in
some simulations [17, 18], in stark contrast to St ≈ 10−3 observed in experiments [1, 19].
Recent simulations, on the other hand, suggest that inertia is not important for shear
thickening [13, 20]. It is even harder to estimate which systems will shear thicken and
whether the thickening is monotonic or not [1]. Theoretical approaches to quantitatively
describe the thickening behavior utilize the perspective of either hydrodynamic interactions
or geometric and steric constraints [16]; however, neither approach is completely satisfying.
A recent simulation that considers frictional contact between hard spherical particles seems
to unveil the underlying physics behind shear thickening [14, 21]. When particle-particle
frictional forces are incorporated into the hydrodynamic description, the transition from
continuous to discontinuous thickening and even a non-monotonic thickening at high
volume fractions can be predicted qualitatively [13,20]. The significance of friction is
evident from models that take a finite-range interaction into account [13], suggesting that
shear thickening arises due to frictional contacts between particles when the finite-range
particle-particle repulsion is overcome by the applied shear stress. Despite an emerging
consensus that this is the case, few experimental observations are available [16, 22] and
direct evidence is urgently needed.

3.2. Experimental section
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In this chappter, we present such evidence. We first show that concentrated suspensions
surprisingly exhibit an S-shaped flow curve under controlled shear stress with a hysteresis
that depends on the rate at which stress sweeps are performed. This S-shaped flow curve is
only observed at the volume fractions where by controlling the shear rate discontinuous
shear thickening occurs. The stable flowing thickened states on the other hand indicate
that jamming is not a prerequisite for observing discontinuous shear thickening. For
shear-thickening micellar systems, S-shaped flow curves are associated with shear banding
[2-4], and the question arises whether the suspensions show analogous behavior. We
therefore investigate the local stresses during thickening using a novel fluorescent probe
whose fluorescence intensity depends on the imposed stress between particles. These
measurements reveal that our system remains homogeneous and suggest that the origin of
the shear thickening is dynamical stress-induced frictional contact proliferation between
the particles of our system.

3.2

Experimental section

The granular suspensions used in this chapter are made by following the procedures
described in Chapter 2.4.1. We use poly(methyl methacrylate) (PMMA) particles with
diameter d = 10 µm and density ρ = 1.19 g/cm3 . The initial volume fraction ϕ is varied
from 55%-59%.
The rheological measurements are performed by a rheometer (Anton Paar MCR300)
with a small-gap Couette geometry (Fig. 2.3): a rotating inner cylinder of 27 mm in
diameter and a fixed outer cup diameter of 29 mm, leading to a gap of 1 mm. This gap
size is around 60-100 times the particle diameter so that finite-size effects are negligible.
We verified that the stress distribution in the gap is uniform compared to that in the widegap Couette geometry that is often used for these suspensions [1,12]; no strong particle
migration effects occur when the suspension is measured over long time: variations in
viscosity (volume fractions) are smaller than a few percent. For controlling both shear
stress and shear rates, the sweep rates are set at 10 s/data point, 30 points/decade unless
specified otherwise.
To visualize the flow behavior of the suspensions, we use a fast Confocal Microscope
(Zeiss LSM 5 Live) coupled with a DSR 301 rheometer head (Fig. 2.5 and Fig. 2.6).
We use a cone-plate geometry CP50-1 (50 mm/1◦ ) with a truncation of 0.102 mm, but
replaced the usual bottom plate by a transparent glass microscope slide. Because the
confocal is an inverted microscope, the sample in the cone-plate geometry can be directly
visualized by making microscopy images through the glass slide while the sample flows.
We apply an interesting technique to visualize the local stress by using the fluorescent
stress probe molecule 9-(2,2-Dicyanovinyl) julolidine (DCVJ, purchased from Sigma
Aldrich). The chemical structure is shown in Fig. 2.10. We first prepare stock solution
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by dissolving DCVJ molecules in dimethyl sulphoxide (DMSO) at a concentration of 1
mg/ml, then dilute it in aqeous phase (30 µl stock solution per 1 ml water) for fluorescence
measurements. DCVJ belongs to a class of rigidochromic molecular rotors based on
Twisted Intramolecular Charge Transfer (TICT) states [23, 24] and is sensitive to the
normal stress between particles: the higher the stress, the higher the fluorescence intensity
it emits [23]. To our knowledge, this is the first report that uses such stress probes in a
non-Newtonian liquid to detect frictional contacts between particles.

3.3

Results and discussions

The concentration-dependent shear thickening behavior measured in the Couette geometry
is shown in Fig. 3.1. Upon increasing the stress, we first observe a Newtonian flow behavior
at low stress in agreement with [12]. Here, some fluctuations may be due to slight particle
migration effects or a slight density mismatch as a result of varying lab temperatures. Next,
clear thickening behavior at higher stresses is observed: continuous shear thickening occurs
for low volume fractions (ϕ ≤ 56.5%), becoming more pronounced with increasing ϕ.
Surprisingly, at a volume fraction above a threshold value ϕ ≈ 56.5% (a value very similar
to that in [13,20]), the flow curves display continuous shear thickening first, followed by
an S-shaped flow curve. When ϕ exceeds 58%, the continuous thickening weakens and
the viscous Newtonian regime and the high-viscosity thickened regime are only connected
by an intermediate part with a negative slope. The thickened states in both S-shaped and
discontinuous shear thickening are reversible, and the corresponding viscosities depend on
the volume fractions, indicating that complete jamming does not occur here and thus is not
necessary for the discontinuous shear thickening. In jamming, the viscosity would become
infinite [6] and the system cannot flow without (particle) inhomogeneity and fracture [13].

Figure 3.1: Flow curves under controlled shear stress: (a) shear stress vs. shear rate and
(b) viscosity vs. shear rate for granular suspensions with volume fractions varying from
55% to 59%. The flow curves are taken when the suspensions are sheared over a long time.
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Fig. 3.1 shows that the onset stress for the S-shaped curve decreases with increasing
ϕ, which is different from the shear rate-controlled rheology reported in [1], where the
onset stress varies only weakly with ϕ. The onset shear rate (stress) can be estimated
by considering dilatancy [25] that causes a non-equilibrium osmotic pressure (particle
pressure) Σp ≈ (η γ̇)/(1 − ϕ/ϕm )2 with ϕm the maximum volume fraction [26, 27]. A
simple estimate can be made by equating this pressure to the Laplace pressure given as γ/d,
where γ is the surface tension and d is the particle diameter. With η ≈ 1 P a· s, ϕm ≈ 0.63
and γ ≈ 0.02 N/m, we obtain a critical shear rate γ̇c ≈ 12.6 s−1 in good agreement with
the onset shear rate for S-shaped flow curve at ϕ = 58% (Fig. 3.1). Note that this shear
rate corresponds to a small Stokes number St ≈ 10−3 , again suggesting that inertia is not
important for shear thickening [1,19].
We now investigate the S-shaped flow curve in more detail for concentrated suspensions
with ϕ fixed at 58%. Fig. 3.2(a) shows the difference between shear stress and shear
rate controlled experiments. While under stress control we obtain the S-shaped flow
curve as above, under shear rate control a discontinuous jump in stress is observed: by
controlling shear stress, measurements can be performed beyond the onset of sudden shear
thickening [28]. Both flow curves exhibit the same Newtonian regime and shear thicken
at almost the same shear rate (γ̇+ ). Under shear rate control however, the stress abruptly
jumps to a higher value corresponding to the thickened state, while in the stress controlled
experiments the system has to pass through the S-shaped curve characterized by a second
critical shear rate γ̇− at which the thickened state is reached. The two types of flow curves
are again identical in the thickened state. In addition, the volume fraction where S-shaped
flow curve appears coincides with the appearance of discontinuous shear thickening in
controlled shear rate experiments; also as shown in Fig. 3.2(b), no quantitative difference

Figure 3.2: Comparison between flow curves (stress vs. shear rate) obtained from controlling shear stress (CSS, black squares) and controlling shear rate (CSR, red circles). The
volume fractions are fixed at 58% (a) and 56% (b).
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Figure 3.3: Up-and-down flow curves displaying hysteresis: stress vs. shear rates at stress
sweep rates of (a) 10 s/point and (b) 40 s/point. Filled symbols are for increasing stress
and open symbols are for decreasing stress sweeps. Black symbols are under controlled
shear stress (CSS), red symbols under controlled shear rate (CSR).
is seen between shear stress controlled and shear rate controlled experiments at a low
volume fraction ϕ = 56%.
A hysteresis, similar to that observed in cornstarch suspensions [29], is observed when
we impose up-and-down stress sweeps (10 s/data point) on the sample. The S-shaped flow
curve is observed in both upward and downward shear stress sweeps (Fig. 3.3(a)). The
hysteresis region in Fig. 3.3(a) can be roughly described as a rectangle with two vertices
on the Newtonian branch (at γ̇+ ≈ 12.5s−1 and at γ̇− ≈ 9.5s−1 ) and two vertices on the
shear thickened branch. The rate at which stress sweeps are performed determines the
flow curves; Fig. 3.3(b) shows that at a rate of 40 s/data point, the negative slope sides of
the rectangle approach each other and the hysteresis disappears, while the S-shape in the
flow curve remains. Fig. 3.3(a) shows that up-and-down shear rate sweeps also result in
hysteresis loops, again in accordance with shear stress controlled rheology in that the onset
shear rate is identical to that for observing the S-shaped flow curve.
This kind of hysteresis is often attributed to stress heterogeneity and is believed to be
analogous to the hysteresis accompanying coexistence of two phases in a first-order phase
transition [29]: the negative slope of stress vs. shear rate cannot reflect the viscosity of
a homogeneous system; in general it signals a linear instability of such a flow, which for
systems like wormlike micelles results in shear banding.
To investigate what happens in this part of the S-shaped flow curve, in Fig. 3.4(a) we
show the result of a series of constant shear stress experiments, taken at varying locations
along the flow curve. Fig. 3.4(b) shows that when constant stress is imposed in either
the Newtonian state or the thickened state, the viscosities stay almost constant over a
period of 10 min suggesting two stable flowing states (no jamming). However, under
constant controlled stress in the intermediate state (15, 20 Pa are close to the boundary),
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Figure 3.4: (a) Flow curve on which the different constant stress levels are indicated: 5,
10 Pa for the Newtonian state, 15, 17, 20 Pa for the intermediate state and 30, 50 Pa for
the thickened state. The corresponding viscosities are shown as a function of time in (b).
The symbols in (b) are in accordance with the dashed lines in (a) of the same color.
the viscosities in our sample fluctuate between 1.3 and 2.5 P a · s. Comparing with Fig.
3.4(a), this corresponds roughly to the viscosity at γ̇+ and γ̇− for which we find 1.5 and
2.7 P a · s from the flow curve, respectively. These observations could suggest that the
Newtonian and the shear-thickened state coexist here. Theory [30] indicates that in this
case an S-shaped flow curve should be associated with shear banding in the vorticity
direction under controlled stress: the system separates into bands of different stresses (thus
different viscosities) that pile up along the vorticity direction.
To directly investigate the vorticity banding hypothesis we need to be able to distinguish
parts of the system that have different shear stresses but the same shear rate, which is
far from obvious. To this end, we employ the fluorescent probe DCVJ (Fig. 2.10 ). As
schematically shown in Fig. 3.5, one drop of DCVJ aqueous solution is loaded at the
surface of a transparent glass slide, and a polystyrene bead from above can be pressed on
the glass slide with different normal stresses. Fig. 3.6 shows that the fluorescence emission
of DCVJ, is turned on by increasing the stress on the particle. The onset of shear thickening
has often been associated with the emergence of stress-leading contacts between particles,
and consequently the DCVJ can be used as a local stress sensor [23].
Fig. 3.7(a) shows that the S-shaped flow curve is reproduced in the cone-plate geometry,
albeit with a slightly higher onset shear rate (stress), which is perhaps due to the change in
geometry leading to a different dilatancy effect. By focusing the fast confocal microscope
in a layer 20 µm above the glass slide, we find that the stress field in the system remains
uniform (Fig. 3.7(c)(d)) even for shear stresses corresponding to the negative slope part of
the S-shaped curve (the residual fluorescence in the fluid away from the contact between
particles is probably due to a combination of scattering and a third dimensional contribution
due to a large measured area). The homogeneous stress distribution field is confirmed by
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the fluorescence intensity profiles at different positions along the cone radius (Fig. 3.7(b)),
indicating no shear banding in the vorticity direction. This happens in spite of the fact that
the overall fluorescence intensity does increase with increasing the imposed shear stress
(Fig. 3.8), showing for the first time that these molecules can be used to monitor flows for
non-Newtonian fluids.

Figure 3.5: Schematic representation of the setup in which one drop of aqueous solution
(blue) is deposited between a polystyrene bead (d = 500 µm) and a glass slide. DCVJ
fluorescence can be turned on by imposing (frictional) normal force.

Figure 3.6: Representative fluorescent images with the following normal stress levels: (a)
0 Pa, (b) 40 MPa, (c) 50 MPa. The size of the images is 90 µm × 90 µm.
Fig. 3.8 records the normalized fluorescence intensity over the stress sweep process
for the concentrated suspension at ϕ = 58% as well as for the more dilute suspension at
ϕ = 56%. In both cases, the fluorescence first increases mildly in the Newtonian regime
upon increasing stress, indicating no effective frictional contact network between particles.
In the thickening regime the fluorescence for ϕ = 56% suspension increases faster but
still continuously. This is very much consistent with the continuous shear thickening
behavior of Fig. 3.1, suggesting friction is indeed at the origin of shear thickening. For
the ϕ = 58% suspension, the fluorescence increases abruptly and almost discontinuously;
the S-shaped curve is then caused by a sudden mobilization of a frictional force network
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between particles: due to the controlled stress, the only way that the system can respond to
the increased effective viscosity is to decrease the shear rate, causing the negative slope
part of the S-shaped curve. For the highest stresses, the fluorescence in both cases saturates
(all molecules already operate at their maximum quantum efficiency).
Recent simulation results [13,20] also reveal the existence of an S-shaped flow curve
and similarly to what is observed here, the authors argue that the underlying cause is
a frictional network that is a monotonic function of the intensity of stress chains. The
interpolation between the two states (Newtonian state and thickened state) is then simply
a stress-based mixing rule. In this case, a macroscopic "phase separation" (i.e. vorticity
banding) does not show up, in line with our observations. The viscosity (stress) fluctuation
shown in Fig. 3.4(b) is likely due to a dynamic building-up and release of local stresses
through the formation of a percolating frictional network.

Figure 3.7: (a) Flow curve: stress vs. shear rate for the suspension at ϕ = 58% in the
confocal cone-plate rheometer. (b) The fluorescence intensity vs. the distance d to the cone
center when the imposed stress is fixed at σ = 40 Pa. (c) (d) Two confocal images taken at
a magnification of 63× are typical for low (σ = 10 Pa) and intermediate (σ = 40 Pa) stress
respectively. The images taken at other magnifications show similar results. (e) Confocal
image taken at σ = 40 Pa for ϕ = 56% suspension. The size of the images (c,d,e) is 100
µm × 100 µm.
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Figure 3.8: The normalized fluorescence intensity changes over the controlled stress sweep
(30 points per decade and 3 s per data point). I0 : the saturated fluorescence intensity after
the intensity for each volume fraction reaches a plateau at high imposed stresses. Black
squares: ϕ = 58%; red circles: ϕ = 56%.

3.4

Conclusions

In this chapter, we experimentally study the S-shaped flow curve of concentrated granular
suspensions and for the first time directly observe frictional rheology, in agreement with
recent theory and (stress controlled) simulations. We conclude that friction is at the origin
of shear thickening. For the S-shaped flow curve, when a constant stress is applied in
between the high and low-stress branches, our visualization experiments suggest that the
flow remains homogeneous during the transition from the Newtonian to the shear thickened
state, in line with the idea that a frictional force network forms dynamically in the flow;
once this network percolates, the shear-thickened regime is reached.
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Chapter 4

Normal Stresses in Shear
Thickening Granular Suspensions
We report normal stress measurements in shear thickening granular suspensions with
volume fraction fixed at ϕ = 56%. In oscillatory measurements, by systematically varying
the particle diameters and the gap sizes between two-parallel plates, a transition from
positive to negative normal stresses is observed. We find that frictional interactions
determine the shear thickening behaviors of suspensions and contribute to positive normal
stresses; while increasing the particle diameter or decreasing the gap size leads to the
growing importance of hydrodynamic interactions, which leads to negative normal stresses.
Key parameter is the characteristic relaxation time τ that governs fluid flow through the
inter-particle space. In rotational measurements, where the sign of the normal stress
differences is determined, normal stress response shows similar signatures as those in
oscillatory measurements. Finally, the relative contributions from the particle phase and
the liquid phase are discussed based on the two-fluid model.
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4.1

Introduction

Granular suspensions are ubiquitous in life and technology and a large fraction of the
world’s energy is dissipated in these systems [1]. Granular suspensions, prepared only by
dispersing spherical particles in a density-matched Newtonian liquid, are arguably one of
the simplest cases, with the main relevant interactions being hydrodynamic and frictional
contact forces [2, 3]. Recent studies focus mainly on concentrated suspensions, since they
exhibit very rich rheological behaviour such as shear thickening, shear banding, yield stress
and normal stresses. A complete understanding of their rheology is of great importance to
both fundamental research and industrial applications such as food production, agriculture,
inkjet printing and oil well engineering [4].
Depending on their particle volume fraction ϕ, granular suspensions can exhibit a
continuous shear thickening (CST) or a discontinuous shear thickening (DST); both
thickening scenarios have received extensive attention [5]. From a hydrodynamic point
of view, the increase in viscosity η is attributed to the highly dissipative lubrication
flows between adjacent particles [6]; however, both simulations and experiments show
hydrodynamic interactions mainly contribute to the Newtonian behaviour at low shear
rates [6–9]. Recently, a consensus has been reached that frictional contacts between
particles lead to shear thickening (CST or DST) in granular suspensions as well as in
colloidal systems [5–12]. This is consistent with observations that shear thickening takes
place at a critical shear stress, when the stresses overcome the finite-range repulsive
interactions between particles [5, 9, 13].
Granular suspensions exhibit normal stresses when subjected to shear. Studying the
normal stress behaviour of the suspensions provides insights into shear-induced particle
anisotropy and migration in suspensions [13–15]. A lot of work has been done on measuring the normal stress differences in terms of N1 = σ11 − σ22 and N2 = σ22 − σ33 ,

with the subscripts 11, 22, 33 representing the velocity, velocity gradient and vorticity
directions, respectively. The first normal stress measurements on suspensions were performed by Gadala-Maria, using a parallel-plate geometry. He reported a positive difference
N1 − N2 that is linearly proportional to shear stress σ [16]. This linear dependence was
also confirmed by Zarraga et al. [17]. Using a combination of parallel-plate and cone-plate
geometries, they also disentangled N1 and N2 and reported that both values are negative
while |N1 | < |N2 | [17]. Recent literature suggests that N2 is negative, independent of the
type of geometry that is employed [18–22]. However, most suspensions studied so far are
relatively dilute with volume fractions ϕ ranging from 20% − 50%; as a result, the shear
thickening effect is not significant [17–23]. Therefore, the possible coupling between shear
thickening effects and normal stress properties is not very clear in the previously studied
systems.
Despite tremendous efforts devoted to measuring the normal stresses in granular
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suspensions [17–23], the origin of normal stress is still poorly understood. The total
normal stress is usually attributed to the particle and liquid phase contributions, i.e.,
Σt = Σp + Σl [17, 23]. The particle stress Σp is associated with a frictional force, leading
to a positive normal stress; the liquid stress Σl can show a negative contribution to the
normal stress [23–25]. For example, a positive to negative normal stress (N1 ) transition
upon varying the particle volume fractions is reported in the colloidal suspensions [12, 14].
But how the normal stress is related to, e.g., the particle size or possibly the gap spacing
between the plates, is not explained.
In this chapter, we focus on the rheological study of concentrated non-Brownian
granular suspensions where the shear thickening effects are pronounced. We perform both
oscillatory and rotational rheology measurements, and observe both positive and negative
normal stresses upon varying the particle diameters and the gap sizes of a parallel-plate
geometry.

4.2

Experimental section

In this work, density-matched granular suspensions are prepared by following the procedures described in Chapter 2.4.1. The deionized water (η0 ≈ 10−3 P a · s) is used as the
suspending liquid, which is one thousand times less viscous than the continuum phase
used in most previous studies [17–23]. We use both poly(methyl methacrylate) (ρ = 1.19
g/cm3 ) and polystyrene(ρ = 1.05 g/cm3 ) spherical particles with diameters (d: 10, 15, 20
and 40 µm).
We perform rheological measurements with an Anton Paar MCR302 rheometer with a
parallel-plate geometry PP50 (Fig. 2.4): the radius of the upper rotating plate is R = 25
mm while the lower plate is stationary. One advantage of this geometry is that we can
systematically vary the gap (h) between the two plates to study the confinement effects.
The gap is varied between 0.5 and 2 mm, making sure that at least 10 particle layers
exist in the gap and boundary effects are avoided [23]. For rotational measurements, we
control the shear rate between 0.01 and 100 s−1 , in order to avoid the edge effects at high
shear rates [18]. For oscillatory measurements, we impose the shear strain as a sinusoidal
function γ(t) = γ0 sin ωt with fixed strain amplitude γ0 = 1000% and angular frequency
ω = 6.28 s−1 ; the maximum shear rate during one oscillatory cycle is γ̇max = γ0 ·ω = 62.8
s−1 . Note that further increasing the strain amplitude or angular frequency will introduce
unwanted inertial effects. We plug an oscilloscope to the rheometer to directly record the
time-dependent signal of the normal force. In the parallel-plate geometry, the normal stress
2F
1 dlnF
can be measured as: N1 − N2 = π·R
2 (1 + 2 dlnγ̇ ), where F is the total axial normal force.
To disentangle the normal stress differences, i.e., N1 from N2 , rotational measurements are
also done using a cone-plate geometry (CP50-4, Fig. 2.4) with a 25-mm radius cone and a
2F
4° angle; with this geometry N1 is measured from the normal force as: N1 = π·R
2.
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Results and discussions
The effect of volume fraction on shear viscosity

We first show the volume fraction dependence of the shear thickening behaviour in granular
suspensions for a fixed particle diameter d = 15 µm. We change the particle volume
fraction ϕ from 51% to 58% and perform rotational measurements to determine the
viscosity as a function of the shear rate. Fig. 4.1(a) shows that for all volume fractions, the
granular suspensions show a Newtonian viscosity (ηN ) plateau before reaching a critical
shear rate γ̇s,c (as ϕ increases from 51% to 58%, γ̇s,c decreases roughly from 2.2, 1.8, 1.8,
1.4, 1.1, 0.9, 0.3, to 0.08 s−1 ). Subsequently, for suspensions at low volume fractions,
the viscosity increases continuously by increasing the shear rate, until reaching a second
plateau at high shear rates with a shear thickened viscosity ηs . Increasing the volume
fraction leads to a faster increase in the viscosity, i.e., the thickening effect becomes more
and more pronounced. Our experiments show that discontinuous shear thickening (DST)
happens at high volume fractions where the shear flow becomes unstable, as shown in Fig.
4.1(a) for volume fractions at ϕ = 57% and ϕ = 58%. The instable flow is mainly due to
very strong confinement effects between parallel plates especially at high shear rates.
Both the Newtonian viscosity ηN and the shear thickened viscosity ηs show volume fraction dependence and correspondingly, can be fitted by the Maron-Pierce law:
η/ηf = (1 − ϕ/ϕN,m )−2 and η/ηf = (1 − ϕ/ϕs,m )−2 (Fig. 4.1(b)) [23].

Figure 4.1: (a) Shear viscosity η as a function of shear rate γ̇ for particle volume fraction
ϕ varying from 51% to 58%. (b) Newtonian viscosity ηN (black stars) and the shear
thickened viscosity ηs (red stars) as a function of ϕ. Continuous curves represent fitting
the experimental data using the Maron-Pierce equation: η/ηf = (1 − ϕ/ϕN,m )−2 (black
curve) and η/ηf = (1 − ϕ/ϕs,m )−2 (red curve). The maximum volume fractions are
determined at ϕN,m = 59.5% and ϕs,m = 56.4% for the Newtonian viscosity and the shear
thickened viscosity, respectively. Rotational measurements are performed by using the
parallel-plate geometry with a fixed gap size (h = 1 mm ).
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Here ηf = 10−3 P a · s is the viscosity of the suspending liquid (water). Through fitting
the experimental data, we obtain the maximum volume fraction of ϕN,m ≈ 0.6 and ϕs,m ≈
0.56 for the Newtonian viscosity and the shear thickened viscosity, respectively. Base
on the friction-based model, frictional contacts between particles decrease the maximum
packing fractions, in comparison with the zero friction cases [5, 10, 12]. This is consistent
with our observation of ϕs,m < ϕN,m , indicating that the shear thickening behaviour is
due to frictional interactions. Furthermore, the maximum volume fraction ϕs,m ≈ 0.56
obtained by fitting the data determines that the stable flow can only be achieved at volume
fractions lower than 56% (Fig. 4.1(a)). Therefore, in the rest of the paper, our study is
focused on granular suspensions with a fixed volume fraction of ϕ = 56%, in order to
detect the normal stress response under shear conditions.

4.3.2

Oscillatory measurements

The maximum shear rate of γ̇max = 62.8 s−1 enables the suspensions to reach shearthickened states within one oscillatory cycle, leading to a significant normal stress response.
Both shear stress and normal stress signals vary in time, with the same frequency as the
imposed shear strain for the shear stress and a doubled frequency for the normal stress as
shown in Fig. 4.2(a) and (b). The doubled frequency in normal stress is expected since
shearing in opposite directions does not influence the sign of the normal stress [26]. A
transient regime is observed right after starting the oscillatory shear; subsequently, the
system reaches a steady state. In the transient regime, the maximum magnitudes of shear
stress and normal stress decrease in time in the same manner and go towards a steady
state for which the maximum amplitudes are constant. The decreasing behaviour of the
normal stress maxima can be fitted well by an exponential equation: y ∝ exp(−x/τ ), with
τ being the relaxation time. We obtain τ ≈ 10 s for d = 10 µm (Fig. 4.2(a)) and τ ≈ 0.2
s for d = 40 µm (Fig. 4.2(b)). One can argue that this time evolution could be linked
with particle migration. However, Boyer [20] and Morris [15] reported that the particle
migration process takes a few minutes, which is much larger than the maximum time scale
in our experiments (τ ≈ 10 s).
The observation that the relaxation time depends on the particle diameter inspires us
to extend the measurements to even more particle diameters and gap sizes. From these
measurements, the relaxation time is found to show a quadratic dependence on the gap size
(τ ∝ h2 ) and to be inversely proportional to the particle diameter squared (τ ∝ d−2 ) as is
shown in Fig. 4.2(c) and (d), respectively. Similar relations are also found for the relaxation
2
0 ·h
time in elastic polymer gels, where τ scales with ηG·d
2 , and G is the shear modulus of
the system [26]. Our system is mostly considered as a viscous system especially at low
shear rates where viscosity has no shear-rate dependence [23]. However, by applying
an oscillatory strain sweep measurement, we observe that the shear thickening effect
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Figure 4.2: (a,b) shear stress σ and normal stress σN = N1 − N2 as a function of time t.
The amplitudes decay exponentially and finally reach a steady state. Red curves represent
the exponential fit to the normal stress amplitude: y ∝ exp(−x/τ ), with τ ≈ 10 s and τ ≈
0.2 s for (a) and (b), respectively. The gap size is h = 1 mm while the particle diameters
are d = 10 µm and d = 40 µm for (a) and (b), respectively. (c) Relaxation time τ as a
function of h2 for suspensions with particle diameter d = 40 µm. (d) The dependence of
the relaxation time τ on the particle diameter d when the gap is fixed at h = 1 mm.
introduces a small shear modulus of about 1 Pa for the shear thickened state (Fig. 4.8,
Supproting Information). Taking the case of Fig. 4.2(b) as an example, and inserting all
2
0 ·h
the parameters into the above equation, then we obtain ηG·d
2 ≈ 0.63 s of the same order as
τ ≈ 0.2 s obtained from the exponential fitting (Fig. 4.2(b)).
Such relaxation behaviour is also reported in cornstarch suspensions, accounting for
the relaxation from a shear-thickened state to a Newtonian viscous state after the imposed
stress ceases [27]. Our results instead show a transition from a time-dependent (transient)
to a steady shear-thickened state. Figure 4.3 shows the imposed shear strain, shear stress
and normal stress as a function of time for different particle diameters and gap sizes in the
steady state. In this regime, the responses of both shear stress and normal stress become
stable. Generally, the shear stress follows a sinusoidal form: σ(t) = σ0 sin(ωt + δ), δ ≈
83° is the phase shift between the shear strain and the shear stress. The disturbances in the
shear stress curves near the shear strain extrema are due to the fact that, the suspensions
are shear-thickened within one oscillatory cycle. The normal stress response again follows
a doubled frequency as that of the imposed strain.
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Figure 4.3: Steady-state regime: shear strain γ(t) (black dotted lines, left axis), shear
stress σ (purple dotted lines, right axis) and normal stress σN = N1 − N2 (blue dotted
lines, right axis) as a function of time t when the oscillatory shear reaches the steady state.
The red continuous curves represent the predictions of the two-fluid model, Eqn (1). The
parameters of the systems are as follows: d = 10 µm for (a)-(c) and d = 40 µm for (d)-(f);
the gap sizes: h = 1.5 mm for (a) and (d), h = 1 mm for (b) and (e) and h = 0.5 mm for (c)
and (f).
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Figure 4.3 clearly shows the dependence of the normal stresses on the particle diameters
and the gap sizes. Specifically, in the case of small particles (d = 10 µm), the average
normal stresses are positive for all the three gaps (Fig. 4.2(a) to (c)). As the gap size h
decreases from 1.5 to 0.5 mm, the normal stress magnitude also decreases; at h = 0.5 mm,
the time-dependent normal stress alternatingly varies above and below zero value. The
trend holds for the case of large particles (d = 40 µm), and the average normal stress value
changes from positive (Fig. 4.3(d)), through zero (Fig. 4.3(e)), to negative (Fig. 4.3(f)).
For the latter case, when h = 0.5 mm, the normal stress oscillates with only negative values
over the whole time range.
The particle and gap size dependence can be further determined by looking at the
Lissajous curves. As shown in Fig. 4.4(a) and (b), the normal stress σN = N1 − N2 is
plotted as a function of the shear stress σ, and all the curves are symmetric with respect to
the y-axis. On both branches, the normal stress is linearly proportional to the shear stress
with a slope (friction coefficient): µ = σ/σN ≈ 1, comparable to the values reported in
previous work [28,29]. The linear relation between shear and normal stresses indicates that
frictional interactions dominate in our shear thickening granular suspensions. A transition
from positive to negative normal stresses is also observed (Fig. 4.4(a) and (b)). Again,
increasing the particle diameter d or decreasing the gap size h leads to the emergence of
negative normal stresses. Furthermore, we observe that the normal stress shows a quadratic
dependence on the shear strain σN ∝ γ 2 as shown in Fig. 4.4(c) and (d). The quadratic
dependence follows from symmetry and is consistent with very similar observations in
biopolymer gel systems [26].

4.3.3

Rotational measurements

Figure 4.5(a) and (c) show the shear stress and normal stress as a function of shear rate
in rotational measurements for suspensions with two different particle diameters (d =
10 µm in Fig. 4.5(a) and d = 40 µm in Fig. 4.5(c)). At a critical shear rate γ̇s,c , the
granular suspensions shear thicken and the slopes of the shear stress as a function of shear
rate curves increase. For both particle diameters, the critical shear rate is γ̇s,c ≈ 1 s−1 ,
only weakly depending on the gap size. However, the shear thickening effects are less
pronounced as the gap size decreases from 1.5 to 0.5 mm (Fig. 4.5(a) and (c)). Similar to
the oscillatory measurements, the sign and the magnitude of the normal stresses depend
on the particle diameters and the gap sizes. For 10 µm particle suspensions by increasing
the gap size the normal stress increases (Fig. 4.5(a)). Here we define γ̇N,c as the critical
shear rate where the normal stress starts to deviate from initial zero value with σc as the
corresponding critical shear stress. This shear stress gives the background “viscous” stress
due to the presence of the solvent. Beyond it, frictional interactions become important, and
the stress amplitude of the latter is then σ − σc . According to Fig. 4.5(a) by decreasing
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Figure 4.4: (a)(b) Lissajous curves: normal stress σN = N1 − N2 as a function of shear
stress σ corresponding to Fig. 4.3. The particle diameters are d = 10 µm and d = 40
µm for (a) and (b), respectively. σN as a function of strain γ (c) and of strain squared γ 2
(d) for suspensions with particle diameter d = 40 µm measured at different gap sizes h,
corresponding to Fig. 4.3(d)-(f). Continuous lines are guides to the eye.
the gap size from 1.5 to 0.5 mm, γ̇N,c varies from 1.5, 2, to 4 s−1 while the corresponding
σc is 126, 267, and 530 Pa, respectively. In Fig. 4.5(b), we plot the frictional shear stress
σ − σc as a function of the normal stress σN = N1 − N2 , and find that the data for all
three gaps collapse on a single line with a slope of µ = (σ − σc )/σN ≈ 0.5. This linear
relation between the frictional shear stress and normal stress again indicates that frictional
interactions are at the origin of the shear thickening and contribute to the positive normal
stresses.
A transition from a positive to a negative normal stress upon increasing the gap size
is observed for 40 µm particle suspensions (Fig. 4.5(c)). For both positive and negative
normal stresses, the absolute values scale with the shear rate squared at high shear rates
(> 10 s−1 ), as shown in Fig. 4.5(d). This is consistent with the observations from the
oscillatory measurements (Fig. 4.4(d)). It is worth mentioning that such a quadratic
dependence of the normal stress on the shear rate is not observed for colloidal suspensions
where the normal stress scales linearly with the shear rate [12]. For the negative normal
stress observed at h = 0.5 mm, σN becomes negative when γ̇N ≈ 5 s−1 is reached
and becomes increasingly negative until γ̇ = 100 s−1 . Depending solely on the particle
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Figure 4.5: Rotational measurements on granular suspensions with particle diameters
d = 10 µm for (a) and (b) and d = 40 µm for (c) and (d). (a) and (c): shear stress σ
(filled symbols, left axis) and normal stress σN = N1 − N2 (open symbols, right axis) as
a function of shear rate γ̇. The gap size h is varied from 1.5 to 0.5 mm. Dashed lines
in (a) indicate two critical shear rates: γ̇s,c for the onset of shear thickening and γ̇N,c
for the emergence of positive normal stress at h = 0.5 mm. Black stars in (c) represent
the measurement with surplus samples around the upper plate at h = 0.5 mm. (b) The
frictional shear stress σ − σc as a function of the normal stress σN = N1 − N2 . σc is the
critical shear stress corresponding to γ̇N,c . (d) The absolute value of normal stress σN in
(c) as a function of γ̇ in a double-logarithmic plot.

Figure 4.6: The normal stress differences N1 (open squares) and N2 (h = 0.5 mm, black
squares; h = 1 mm, red circles; h = 1.5 mm, blue triangles) as a function of shear rate γ̇
for suspensions with particle diameter d = 10 µm (a) and d = 40 µm (b). N1 is directly
obtained from the cone-plate geometry; N2 is obtained from combing the results from both
the cone-plate and parallel-plate geometries.
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Table 4.1: The normal stress differences N1 and N2 obtained from combing the results of
both the parallel-plate and cone-plate geometries.
d (µm)
10
10
10
40
40
40

h (mm)
1.5
1
0.5
1.5
1
0.5

N1
>0
>0
>0
<0
<0
<0

N2
<0
<0
<0
<0
<0
0

N 1 , N2
|N1 | < |N2 |
|N1 | < |N2 |
|N1 | > |N2 |
|N1 | < |N2 |
|N1 | ≈ |N2 |
|N1 | > |N2 |

σN
>0
>0
>0
>0
≈0
>0

diameter, there is a dramatic decrease in normal stress (from 700 to -400 Pa) at γ̇ = 100
s−1 (Fig. 4.5(a) and (c)). The negative normal stress is reversible upon increasing and
decreasing shear rates, ruling out the possibility of any artefact due to, e.g., particle
migration (Fig. 4.9, Supproting Information).
To disentangle N1 from N2 , we perform rotational measurements using a cone-plate
geometry and directly measure N1 (Fig. 4.6). Combining the results from the two
geometries, we obtain N2 . As shown in Table 1, the obtained N2 is always negative,
consistent with the previous measurements on similar systems [22]. For 10 µm particle
suspensions, the absolute value of N2 decreases as the gap size h decreases from 1.5
to 0.5 mm (Fig. 4.6(a)). For this particle size N1 is positive (Fig. 4.6(a)). Therefore,
σN = N1 − N2 is always positive and its magnitude decreases as the gap size decreases
(Fig. 4.5(a)). In the case of large particles (d = 40 µm), both N1 and N2 are negative (Fig.
4.6(b)). So depending on the absolute values, by increasing the gap size h a transition from
a positive to a negative normal stress is observed (Fig. 4.5(c)). As it is evident from Table
1, the results of rotational measurements support the normal stress behaviours observed in
the oscillatory measurements.

4.3.4

Discussions

Our results reveal the dramatic influence of the particle diameter and the gap size on
the normal stress behaviour. These are in contrast with some results of previous work.
For example, Zarraga et al. described the concentration-dependent viscosity of granular
suspensions, and show that the particle size does not influence the shear viscosity [17].
However, Gamonpilas et al. reported the particle size dependence of the shear viscosity
especially at high volume fractions [22], which is consistent with our observations (Fig.
4.5(a) and (c)). Zarraga [17] and Dbouk [23] separately showed that the gap size has no
influence on measuring the normal stresses. In fact, Zarraga observed a very weak gap-size
dependence even if an extremely small gap size over particle diameter ratio (h/d = 5) is
reached [17]. In our measurements, the dependence is obvious, probably due to the large
gap size over particle diameter ratios (h/d is ranging from 10 to 150).
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Figure 4.7: Schematic representation of the contributions of both particle pressure Σp and
liquid pressure Σl to the total normal stress Σt .
To understand the gap size and particle diameter dependence of the normal stress, we
need to consider the contributions from both the particle and liquid phases to the total
normal stress: Σt = Σp + Σl . Our experiments suggest that the shear thickening behaviour
of granular suspensions is mainly due to a frictional contact network between the particles,
which causes a positive normal stress: Σp ∝ µ · σ (Fig. 4.4(a)(b) and Fig. 4.7). At the
same time, the dilation of the particle phase (shear thickening) sucks in liquid through
the inter-particle space [24, 25, 31]; this creates a liquid pressure Σl which pulls the two
plates together and therefore contributes negatively to the total normal stress (Fig. 4.7). At
certain particle diameters and gap sizes, the liquid pressure can dominate the total stress,
leading to negative normal stresses.
In biopolymer gel systems, similar normal stress behaviours have been observed. There
the determining factor is the relaxation time, which represents the time scale for the fluid
flowing through the micropores of the gel network [26]. In granular suspensions, the
liquid hydrodynamic stresses play roles, but the direction of the particle network stress
is opposite [9, 30]. The polymer network tends to contract under shear, and so wants to
expel water. Our granular suspensions tend to dilate, and so they tend to suck up water.
The relaxation time τ in our suspension system in principle represents the same physics
as that in polymer gels: the fluid flow through the pores governs the relaxation behaviour
of the shear-thickening suspensions. We can compare the characteristic relaxation time τ
with the experimental time scale using ωτ . Since we fix the angular frequency ω = 6.28
s−1 , the value of ωτ only depends on τ , which is determined by exponentially fitting the
decay of the normal stress data in the transient regime. In Fig. 4.3(a) to (f), ωτ varies
from 119.8, 53.3, 13.3, 3.4, 1.3 to 0.8. The observation that the sign of the average normal
stress reverses at a critical value ωτ ≈ 1 (Fig. 4.3(e)) is consistent with what is observed
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in the polymer gel systems [26]. In polymer gels, with increasing the shear stress, the
normal stress increases when ωτ > 1 and decreases when ωτ < 1; the normal stress itself
is always negative in the steady state. In granular suspensions, the normal stress and shear
stress are linearly proportional. We find that normal stresses are positive when ωτ > 1
(Fig. 4.3(a)-(d)) and become negative for ωτ < 1 (Fig. 4.3(e)(f)).
The negative normal stress occurring at ωτ < 1 simply indicate that given a sufficient
long experimental time scale, the fluid is able to flow through the inter-particle space and
hence the movements of particles and liquid are decoupled. Here, the liquid pressure
dominates (over the particle pressure) and results in negative normal stresses (Fig. 4.3(e)
and (f)). In the opposite case when ωτ >1, the relative motion of particles and liquid is
negligible, and thus the dominating particle-phase dilation leads to positive normal stresses
(Fig. 4.3(a)-(d)).
The relative contributions from both phases can be estimated based on the two-fluid
model [32–34]. This model was previously used to describe the normal stress behaviour in
biopolymer gels [26]. Due to the two-phase nature of granular suspensions (the dispersed
solid particle phase and the continuous liquid phase), we can directly apply the equation
that has been developed for the polymer gel system [26]. The normal stress is described as:
σN = −2A2 Gγ(t)2 + ÃGγ(0)2 (A cos(2ωt + δ  ) + B sin(2ωt + δ  ))

(1)

Here, γ(t) is a sinusoidal function (γ(t) = γ0 sin ωt), and a phase shift (δ  = 2δ ≈ 166°)
is added because suspensions are rather viscous. We use G = 1 Pa which is again the
shear modulus of the system (Fig. 4.8, Supproting Information). For polymer gels, the
normal stress components σ11 and σ22 show a quadratic dependence on the shear strain:
σ11 = A1 Gγ 2 and σ22 = A2 Gγ 2 , then Ã = A1 − A2 . A and B are determined by ωτ as
follows [26]:
A=−

√
√
1
[2tan−1 (1 + 2 ωτ ) + 2tan−1 (1 − 2 ωτ ) − π + 4ωτ ]
8ωτ
B=

1
log(1 + 4ω 2 τ 2 )
8ωτ

(2)

(3)

Since ωτ is fixed for a specific measurement, then A and B are constant for each experiment,
the values are shown in Table 4.2.
In the limit where ωτ  1, Eq. (1) reduces to the well-known Mooney-Rivlin
expression for incompressible materials: σN = Gγ 2 [35] consistent with our experimental
observations (Fig. 4.4(d)). In the opposite limit, where ωτ  1, only the first term
dominates and the normal stress reduces to σN = −2A2 Gγ(t)2 [26]. In Fig. 4.3(a)-(f), the
red curves represent fitting Eq. (1) to the normal stress data with two fitting parameters A2
and Ã. The agreement between the experiments and the model is quite good. Numerical
values for A2 and Ã are shown in Table 4.2.
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Table 4.2: The parameters A and B corresponding to Eqn. (2) and Eqn. (3), respectively.
The parameters A2 and Ã obtained from fitting Eqn. (1) to the normal stress data in Fig.
4.3.
d (µm)
10
10
10
40
40
40

h (mm)
1.5
1
0.5
1.5
1
0.5

A
-0.042
-0.499
-0.413
-0.499
-1.647
1.267

B
0.004
0.008
0.024
0.061
0.085
0.087

A2
-14
-6
-2
-1.6
-1
2

Ã
671
27
17
8
1
0.2

Finally, to further detect the role of the liquid pressure to negative normal stresses, in
one rotational measurement (for d = 40 µm and h = 0.5 mm) we add more sample around
the upper plate, which serves as a liquid reservoir [3, 13]. As a result, the decoupling
between the particles and liquid movements is weakened, and the magnitude of the negative
normal stress is greatly decreased (black stars in Fig. 4.5(c)). This confirms the contribution
of the viscous flow to the negative normal stress.

4.4

Conclusions

Both oscillatory and rotational rheology measurements are performed on concentrated
(ϕ = 56%) non-Brownian suspensions and the positive contribution of the particle stress
and the negative contribution of the liquid stress to the total normal stresses are explained.
In oscillatory measurements, the characteristic time scale τ of the fluid flow determines the
final normal stresses. In rotational measurements, N1 is disentangled from N2 by combing
the measurements with both the parallel-plate and cone-plate geometries, and their relations
to N1 − N2 are established. Our results reveal that the interstitial fluid flow and related
flow timescale play an important role in the normal stress behavior of the suspensions. We
demonstrate that the normal stress response in concentrated non-Brownian suspensions is
captured by a two-phase model. Based on this model we explain the negative and positive
normal stresses in the sheared suspensions and their relation with the particle size and the
gap spacing.
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Supporting Information

Figure 4.8: Storage modulus G and loss modulus G as a function of strain amplitude γ0
in oscillatory strain sweep measurement.The suspension volume fraction is ϕ = 56% with
particle diameter d =40 µm, and the gap size is fixed at h = 1 mm. For this measurement,
the angular frequency is fixed at ω = 6.28 Hz while the strain amplitude γ0 is varied from
0.0001 to 100.

Figure 4.9: Normal force FN as a function of shear rate γ̇ upon increasing the shear rate
(filled symbols) and decreasing the shear rate (open symbols). The suspension volume
fraction is ϕ = 56% with particle diameter d = 40 µm. The gap is fixed at h = 0.5 mm.
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Chapter 5

Drop formation in shear-thickening
granular suspensions
In this chapter, the elongational rheology of granular suspensions is investigated in the form
of droplet formation. We study droplet formation by systematically varying the volume
fractions (ϕ) and particle diameters (d). For suspensions with water as the suspending
liquid, we find three different regimes. For dilute suspensions (ϕ ≤ 45%), drop formation
follows the predictions for inertial breakup and exhibits identical dynamics to that of pure
water. The breakup is strongly asymmetrical in this case. Only for more concentrated
suspensions (ϕ > 45%) does the presence of particles change the dynamics and two other
regimes, a symmetrical inertial regime and a Bagnoldian regime, are uncovered. We
construct and discuss a phase diagram that allows us to understand and predict the breakup
behavior in granular suspensions.
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Introduction

Drop formation is essential for many industrial applications and processes [1]. For Newtonian fluids, liquid neck breakup leading to drop formation is well understood: it is governed
by a competition between capillary forces that drive the breakup and viscous and/or inertial
forces slowing down the fluid flow in the neck [1]. The detailed understanding of the
phenomenon relies on finding the similarity solutions for the shape of the fluid neck that
connects the drop to the orifice, and that eventually breaks up in a finite-time [1].
On the other hand, drop formation in non-Newtonian fluids, which is important in
areas such as emulsification, inkjet printing and agricultural spraying, is still ill-understood
in many cases [1–4] and continues to attract considerable attention [5–13]. For instance,
theoretical analysis predicts that the drop breakup in shear thinning fluids proceeds faster
than that in the Newtonian case due to the high elongational rates present in the fluid neck
during the thinning [14, 15]. To the contrary, experiments show that in shear thinning and
very strongly shear thinning yield stress fluids, the breakup dynamics can be described
completely by the equations for the breakup of simple fluids [6], whereas other experiments
do report a signature of the shear thinning behavior [7, 16, 17]. A very recent paper shows
that non local rheology may also play a role in yield stress fluids [18].
Here we consider an important class of complex fluids: granular suspensions made
of solid particles homogeneously dispersed in a simple Newtonian liquid. The viscosity
of these suspensions can be simply increased by adding particles without affecting the
density or the surface tension of the suspensions [19], making these systems excellently
suited for a systematic study. Different questions then arise: what is the relation between
shear and elongational rheology, does the size of the particles affect the breakup dynamics,
and what is the role of the suspension concentration? To answer these questions we use a
system whose rheology in shear flow is relatively simple: if the suspensions are density
matched they behave as Newtonian liquids at low shear rates, and show shear thickening at
higher shear rates [20, 21]. Recent studies show that during breakup different scenarios
may occur [22]; the breakup may be visco-capillary but governed by either the solvent
or the suspension viscosity [8–10]. Also new regimes are found that are dramatically
different from the predictions for simple fluids [11–13]. In highly concentrated granular
suspensions [11] the thinning of neck was found to follow a power law versus time to
breakup with an exponent of 2/3, which alone would be the inertial breakup, however
with a counterintuitive symmetric breakup geometry. It was argued in [11] that the force
balance takes place more locally here and that the capillary pressure exerted at the level
of the individual particles protruding from the interface is balanced by the fluid inertia.
Exponential thinning is also observed in colloidal and cornstarch suspensions: the thinning
dynamics proceeds slower than that in the Newtonian case and the thinning neck becomes
cylindrical [12, 13]. The overall picture is still not clear and the different mechanisms at
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play deserve further systematic study.
In this chapter, by systematically varying the particle diameters (d) and volume fractions
(ϕ), we establish a phase diagram for suspension breakup. Three regimes for the drop
breakup occur: an inertial regime identical to that of the solvent (water), a second inertial
regime in which the breakup is still inertial but becomes up-down symmetric and a third,
which we refer to as a Bagnoldian regime that likely corresponds to a shear-thickened state
(with the emergence of significant normal stresses) of the material. The transitions between
the different regimes are identified and possible criteria for the transitions between the
different regimes are suggested.

5.2

Experimental section

The density-matched granular suspensions used in this work are prepared by following the
procedures described in Chapter 2.4.1. We use both poly(methyl methacrylate) (PMMA)
particles (d = 1.3, 6, 10, 15 µm) and polystyrene (PS) particles (d = 20, 40, 80, 140, 250,
500 µm). Colloidal suspensions are prepared by dispersing 1.3 µm PMMA particles in
density-matched mixed solvents, cyclohexyl bromide (CHB) and decalin, which has a
similar viscosity as water (η ≈ 1 mP a · s).

To study the dynamics of drop detachment for the granular suspensions in air, we
use a high-speed video camera (Phantom V7 at 10 000 frames/s). The controlled release
of the drops is achieved by using a syringe pump to set a low drop emission rate (Fig.
2.7). To prevent the possible jamming in the syringe tip, two kinds of syringes are used,
with radii R0 ≈ 1 mm for d ≤ 40 µm particles and 2.25 mm for d ≥ 80 µm particles.
The rheological measurements are carried out using a cone-plate geometry with a 50 mm
diameter cone and a 4° angle on a Physica MCR 300 rheometer for the smallest particles.
For the larger particles we use a 5 mm gap Couette or a plate-plate geometry with variable
gap, and ensure that the results do not depend on the gap size.

5.3

Results and discussions

We first discuss the results for the 40 µm PS beads [20, 23]. Fig. 5.1(a) shows the temporal
variation of the minimum neck diameter 2Rmin for different volume fractions ϕ. For
comparison, we also plot the thinning curve for water which follows the inertial-capillary
prediction [1, 24]: 2Rmin = 0.7(γ/ρ)1/3 (t0 − t)2/3 , where γ is the surface tension, ρ is the
density and t0 is the breakup time. For dilute suspensions (ϕ ≤ 45%), the dynamics is
indistinguishable from that of pure water (Fig. 5.1(a)) with an asymmetric breakup (Fig.
5.1(a) inset), showing that the particles have no influence on the breakup dynamics [25].
To the contrary, the neck thinning curves for concentrated suspensions (ϕ ≥ 50%) deviate
from the inertial prediction in that the prefactor is different, but the power of 2/3 in time
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seems to be conserved (Fig. 5.1(a)). To quantify the prefactor, we fit the thinning curves
close to the breakup time t0 . For a fitting range 0 < (t0 − t) < 2 ms, the data are linear
3/2
when plotted as 2Rmin vs (t0 − t), allowing to evaluate the slope. We also fit directly using
2Rmin = α · (t0 − t)2/3 (Fig. 5.1(a)); α is indistinguishable between the two methods
of fitting and is shown in Fig. 5.1(b). Note that for low volume fractions this prefactor
is similar to that for water (0.27 mm/ms2/3 ) but drops to a smaller value for ϕ ≥ 50%.
Further, there is a major, visual change in the shape of the interface at breakup at different
volume fractions ϕ: for small ϕ the breakup is strongly asymmetric, whereas for large ϕ it
becomes symmetric (Fig. 5.1(a) inset). The asymmetry coefficient defined in [6, 26] shows
a clear and sharp transition from asymmetric to symmetric breakup around ϕ ≈ 45% (Fig.
5.1(b)). Here the observation of the 2/3 law thinning dynamics together with the symmetric
breakup is in agreement with that observed in [11]; we define a symmetic intertial regime
for this breakup behavior.
The main difference between concentrated and dilute suspensions may be that for the
former particles are more likely to deform the interface during the breakup, as also observed
for shear flow due to dilatancy [27]. As discussed in [11], the local force balance at the
level of the individual particles leads to the scaling 2Rmin ∼ (Λγd/ρR0 )1/3 (t0 − t)2/3 [11],
which resembles the usual inertial scaling but includes an extra factor (Λd/R0 )1/3 with
R0 the syringe radius, and Λ is a new constant that accounts for the characteristics of
the particles at the interface such as the contact angle and the depth of immersion. This
is then likely to be the cause of the changed prefactor α in Fig. 5.1(b), allowing us to
calculate the new constant Λ; as an example, for ϕ ≈ 59%, Λ ≈ 0.114, close to the
reported value [11]. In fact, all the data with ϕ ≥ 50% collapse on a single master curve at
Λ ≈ 0.1 if Rmin /(R0 Λ1/3 ) is plotted vs (t0 − t)/(ρR04 /γd)1/2 (Fig. 5.2), suggesting the

Figure 5.1: (a) Thinning dynamics 2Rmin vs (t0 − t) for water and 40 µm suspensions with
ϕ varying from 45% to 59%. Continuous lines: power law fit with 2Rmin = α · (t0 − t)2/3 .
Inset: two images show the asymmetric and symmetric breakup, respectively. The scale
bar is 1 mm. (b) Left: prefactor α from fitting the thinning curves in (a). Right: asymmetry
coefficient. Inset: Reynolds number Re vs ϕ.
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Figure 5.2: Rescaled data for 40 µm suspensions with ϕ ≥ 50%. Red line is the equation
2Rmin ∼ (Λγd/ρR0 )1/3 (t0 − t)2/3
breakup in all concentrated suspensions falls in the symmetric inertial regime.
As stated in the introduction, neither the density nor surface tension changes upon
varying the volume fraction. The viscosity does change [19, 20, 23], but this should
be irrelevant for the inertial breakup dynamics: the viscous forces are considered to be
negligible not only in the inertial but also in the symmetric inertial regimes, as viscosity is
absent in both scalings. To examine whether the viscous forces can indeed be neglected,
we estimate the ratio of the inertial to viscous forces for the last instant before breakup:
the Reynolds number Re = ρ · vt · Rmin /η, here vt = (d(2Rmin ))/dt is the neck thinning
velocity, and η is obtained from shear rheology. We take an average velocity in the final
stages (last few ms) of the thinning curves to estimate Re. This Reynolds number can also
be estimated as Re = (Rmin /lv )1/2 with the viscous length scale given by lv = η 2 /ργ,
viscous forces should dominate the dynamics when Rmin is smaller than lv . As shown in
Fig. 5.1(b) inset, the estimated Re decreases with increasing ϕ (increasing η). Thus, for
high concentrations, for which Re < 1 and despite the fact that for a substantial part of the
thinning dynamics the neck radius Rmin is smaller than the viscous length
scale lv , the thinning does not happen at constant speed, but rather as 2Rmin ∝ (t0 − t)2/3 .
For Newtonian fluids, if Rmin < lv , one would expect 2Rmin ∝ (t0 − t) : the thinning
happens at constant speed.
In addition, our experiments show that the change of regimes is observed to happen
around Re ≈ 1. This is surprising since in classical theory for Newtonian fluids, for
Re ≈ 1 the drop breakup should follow viscous-inertial-capillary dynamics which is
linear in time and asymmetric in breakup geometry [26]. The exact significance of this
result is not obvious at present and may suggest that the mechanism behind the symmetric
inertial regime works only when viscous forces are important even though they do not
enter explicitly into the force balance.
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Figure 5.3: (a) Thinning dynamics 2Rmin vs (t0 − t) for 6 µm suspensions with ϕ ≥ 55%.
Red line: exponential fitting with 2Rmin = A · exp((t0 − t)/τ ). Inset: two images show the
cylindrical neck geometry and the upper neck recoils after the breakup, respectively. The
scale bar is 1 mm. (b) The neck thinning velocity d(2Rmin )/dt vs (t0 − t) with ϕ = 59%;
the fitting range is chosen between the minimum and maximum points in the curve. (c)
Rescaled data for 1.3, 6, 10 µm suspensions. Inset: prefactor A from exponentially fitting
all thinning curves. (d) The quadratic dependence of the thinning time τ , in the Bagnoldian
regime, on the particle diameter d.
Measurements on systems with different particle diameters show the generality of the
symmetric inertial regime; typical data for the thinning of the neck in 6 µm (PMMA)
suspensions show that, similarly to what happens for the 40 µm particles, as ϕ is increased
(50% < ϕ < 55%), the thinning curves deviate from that of water and again fall in
this regime. However for these small particles, yet another regime exists. If volume
fraction is increased beyond ϕ ≈ 55%, the breakup dynamics shows a very different
behavior. As shown in Fig. 5.3(a), before the final breakup, the thinning dynamics
slows down for 2Rmin,l ≤ 2Rmin ≤ 2Rmin,u with the critical neck diameters 2Rmin,l and
2Rmin,u being the lower and the upper end of this regime, respectively. The positions
of these diameters (inflection points) can be obtained from the time dependence of the
thinning velocity d(2Rmin )/dt , as shown in Fig. 5.3(b). Upon increasing the volume
fraction, 2Rmin,l decreases from 0.19 to 0.09 mm, while 2Rmin,u increases from 1 to 1.4
mm. The temporal dynamics in this regime can be fitted well by the exponential scaling
2Rmin = A · exp((t0 − t)/τ ), where A is the prefactor, τ is the exponential thinning time
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and t0 is the breakup time. Contrary to the above two regimes, the neck geometry becomes
cylindrical during the exponential thinning (Fig. 5.3(a) inset). The cylindrical shape is
lost near the end of the breakup process where the thinning process accelerates and the
symmetry is broken as observed before [13]. After the breakup, the upper neck recoils,
suggesting that the neck supports a strong tensile stress. All of these features (exponential
thinning and cylindrical neck geometry) are consistent with the observations in [12, 13].
The capillary force is mainly countered by the elongational viscosity of the suspensions and
the tensile stress in the neck is usually associated with an increase of the stress difference
σzz − σrr , with σzz and σrr being the stress components along the axis and radius of the
neck, respectively. In agreement with this idea, we find that all the thinning curves (for
1.3, 6, 10 µm suspensions with ϕ ≥ 55%) collapse on a single master curve if 2Rmin /A is
plotted vs (t0 − t)/τ in semilogarithmic coordinate (Fig. 5.3(c)), the linear dependence
suggests that the exponential model for this regime captures all the experimental data; the
exponential thinning time shows a quadratic dependence on the particle diameter: τ ∝ d2
(Fig. 5.3(d)).
An interesting question in this regime is that the exponential thinning behavior cannot
continue infinitely and must cease at some finite time (when 2Rmin = 2Rmin,l ) before the
final breakup. What happens close to breakup after exponential thinning has been studied
rather extensively for polymer solutions [4]; here either secondary instabilities set in or
dilution becomes important before a true asymptotic regime can be uncovered.

Figure 5.4: Phase diagram for drop formation in granular suspensions. Water is used as
the suspending liquid except for 1.3 µm suspensions, which are prepared in a mixed solvent
of cyclohexyl bromide and decalin. For large particle (250 and 500 µm) suspensions, one
drop of the surfactant Triton is added to stabilize the suspension. Dashed lines are guides
to the eye.
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Combining the results for all different systems (systematically varying the particle
diameters d and volume fractions ϕ), a phase diagram for drop formation in aqueous
granular suspensions is constructed (Fig. 5.4). Three regimes are shown in the diagram:
the inertial, the symmetrical inertial and the exponential (Bagnoldian) regime. Interestingly,
the transitions between the different regimes are observed to happen both as a function of
the volume fractions ϕ and the particle diameters d (Fig. 5.4).
To understand the transitions, we start to note that all suspensions at low volume
fractions (ϕ ≤ 45%) follow the inertial regime for water. As the volume fraction ϕ is
increased (thus increasing the suspension viscosity), the particles start to affect the breakup
and we observe the symmetric inertial regime. As shown in Fig. 5.4, the transition between
these two regimes happens at ϕ ≈ 45% (which coincides with our estimate of Re ≈ 1),
the fluctuations near the boundary are mainly due to the viscosity variations in different
particle suspensions due to slight density mismatches that occur if the lab temperature
varies. The asymmetric-symmetric transition is not observed for the 500 µm particles:
even for ϕ > 45%, the breakup still falls in the inertial regime. In agreement with the
arguments of [11], this happens because the pressure induced by the particles becomes
small; the Laplace equation ∆P ∝ γ/d shows that the larger the particle, the smaller
the pressure at the scale of the particle. For our case, if the ratio of the particle diameter
d and syringe radius R0 (R0 ≈ 2.25 mm syringe used for 500 µm particles) becomes
of order unity, and since (Λγd/ρR0 )1/3 is of the order of the usual inertial prefactor α
(0.27 m/s2/3 ), the equations for the two regimes become identical; in this case, the local
force balance at the level of individual particles can be neglected. The condition d ∼ R0
then roughly defines the transition between the two regimes as a function of the particle
diameter.
For the smallest particles at the highest concentrations, the breakup behavior also
depends on the tensile stress in the thinning neck. Note that the exponential regime is
also observed for a colloidal suspension of 1.3 µm particles (Fig. 5.4), showing that
the thermal (Brownian) fluctuations of the particles do not change the breakup dynamics
qualitatively; this is non-trivial since in some cases the breakup can be altered by fluctuation
forces [28, 29].
To understand the breakup behavior in the exponential regime, we correlate our observations with the shear rheology through measurements of the first normal stress difference
N1 , here N1 = σ11 − σ22 with σ11 and σ22 being the normal stress components along and
perpendicular to the shear direction, respectively. Fig. 5.5(a) shows that the viscosity of 6
µm particle suspensions is constant before shear-thickening, in agreement with [23]. The
corresponding N1 curves are plotted in Fig. 5.5(b). We measured a significant positive
N1 in systems with ϕ ≤ 55%; for ϕ < 55% cases, we did not observe positive normal
stresses even at shear rates as high as 3 000 s−1 . A plot on a log-log scale shows that
N1 scales with shear rate squared γ̇ 2 (Fig. 5.5(b) inset), the quadratic scaling suggests a
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Figure 5.5: Rheological measurements for 6 µm suspensions. (a) Viscosity η vs shear rate
γ̇. (b) First normal stress difference N1 vs γ̇. Inset: log-log scale shows that N1 scales
with γ̇ squared. The symbols are the same as in (a). (c) Determination of the critical shear
1/ and τ (black
rate γ̇N and power law fit N1 =Ψ1 · γ̇ 2 (red line). (d) Comparison between 1/η
symbols), and 1/γ
1/γ̇N and τ (red symbols). Filled and open symbols are for 6 and 10 µm
suspensions, respectively, with ϕ varying from 55% (squares), 56% (circles), 57% (upward
triangles), 58% (downward triangles), to 59% (diamonds).
Bagnoldian behavior, for which the shear and normal stresses are both proportional to the
shear rate squared as observed in dry granular materials [20, 30, 31]; particle inertia may
contribute to the emergence of the non-zero normal force [20, 30]. We fit the N1 curves
(positive part) with N1 = Ψ1 · γ̇ 2 , Ψ1 is the 1st normal stress coefficient (Fig. 5.5(c)).
This enables us to compare the characteristic time τ for the exponential thinning with
the relaxation time Ψ1 /η, measured in the shear rheology with η being the suspension
viscosity. We find that for the non-Brownian (6, 10 µm) suspensions, the ratio of time
scales is constant, i.e. Ψ1 /ηs varies linearly with τ : Ψ1 /ηs ∼ 0.1τ (Fig. 5.5(d)). For the
Brownian suspensions, this measurement is difficult due to the rapid evaporation of the
more volatile of the two solvents and the suspension properties significantly change over
time. The relation found suggests a direct link between the time scales in elongational
and shear flows. In [13] where an exponential thinning behavior was also observed in
cornstarch suspensions a critical shear rate γ̇N is defined as the point where N1 starts to
deviate from zero. In our experiments, if γ̇N is defined in a similar way: the minimum
point where N1 starts to increase as increasing the shear rate (Fig. 5.5(c)), we also find
a one to one correlation between the thinning time τ and γ̇N : τ ∼ 3/γ̇N (Fig. 5.5(d)) in
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agreement with the results in [16] albeit for a different suspension. All these observations
point to a direct link between the elongational and shear rheology of suspensions with
similar microscopic mechanisms regarding the emergence of the positive normal stresses.
Therefore, we interpret the exponential regime regarding the drop breakup behavior as the
Bagnoldian regime. The interesting negative part of the N1 curves in Fig. 5.5(b) may be
due to the solvent being sucked in the granular packing that is dilating due to the shear [32];
the relevant study is shown in Chapter 4, and is beyond the scope of this chapter.
For predicting the onset of shear thickening a critical Stokes number St = ρd2 γ̇/η0 is
sometimes used, with η0 the solvent viscosity [33]. In our elongational experiments (drop
formation), we can estimate this from the elongation rate ε̇ = (−2/Rmin )(dRmin /dt) =
2/τ and the viscous time τv = ρd2 /η0 [using τ ∝ d2 as shown in Fig. 5.3(d)]; the latter
determines the time scale for the interstitial fluid passing through the space between
particles. The Stokes number for the emergence of the Bagnoldian regime then turns
out to be St = τv ε̇ ≈ 2 × 10−3 for ϕ = 55%, but gradually becomes somewhat smaller
(∼ 1 × 10−3 ) when the volume fraction increases up to ϕ = 59%, so that the Stokes
number varies over a factor of 2. The phase diagram (Fig. 5.4) then indicates that
St ∼ (1 − 2) × 10−3 gives the transition between the Bagnoldian regime and the symmetric
inertial regime.
Compared with the Stokes number for the onset of shear thickening in the rheology,
the onset shear rate for shear thickening gives Stokes numbers that are much smaller and
vary over an order of magnitude when the volume fractions are changed: 0.3 × 10−4 <
St < 5.4 × 10−4 . Such small Stokes numbers for the onset of thickening are also found
in other shear thickening systems; this is surprising since if the thickening were due to
a viscous-to-inertial transition, one would expect the Stokes number to be of order unity.
One interpretation of these small Stokes numbers is that they result from short-range
interactions between particles that give the onset of thickening [20, 34–37].

5.4

Conclusions

In conclusion, we studied drop formation in aqueous granular suspensions. Systematically
changing the volume fractions (ϕ) and the particle diameters (d), we established a phase
diagram that allows to understand and predict the breakup behavior. It turns out that
the behavior is very different from that of Newtonian fluids; which is important since
many suspension flows can have an important elongational part, and it is this part that is
characterized by our experiments. In addition, the results here allow to tailor the finite-time
singularity that occurs at the breakup in a controlled fashion. One pertinent example is
that the asymmetric inertial breakup invariably leads to the formation of satellite droplets.
These are in fact suppressed in the symmetric inertial regime, which could find applications,
e.g., in spraying and inkjet printing, where such satellites are unwanted.
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Chapter 6

Free-Volume in a Sheared Polymer
Glass
Deforming a polymer glass can result in flow, i.e., a shear-induced glass transition even at
temperatures below the glass transition temperature. We show that the local free-volume
changes in a sheared glass can be measured using environment-sensitive fluorescence
probes dispersed in the polymer matrix. The shear-induced glass transition is visible
as a free-volume increase and leads to shear localization for large strains: a region of
strongly localized deformation is observed with a large free volume. This transition can be
accounted for assuming that the free energy barriers in the glassy free energy landscape
decrease strongly with the applied deformation. A non-affine deformation framework
quantitatively links the measured free volume changes during the shear-induced glass
transition with the observed mechanical instability and with the measured rheology.
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Introduction

The nature of the polymer glass transition has been extensively studied over the last
decades [1–3] because of the importance of plastics worldwide: some 300 million tons
are produced annually. The vast majority, thermoplastics, are usually processed in the
vicinity of their glass transition temperature, and are subjected to large stresses and strains
to do so: moulding, fibre spinning and blowing processes all entail large deformations
of the material. To be able to process efficiently, one needs to be able to predict and
ultimately engineer the behavior of polymeric materials as a function of both stress and
temperature. For particulate jammed systems an analogy has been proposed between
stress and temperature-induced deformations that allows to describe both temperature
and stress induced yielding [4]. Qualitatively, polymer glasses behave similarly because
they can yield and subsequently flow by applying externally imposed stresses. For large
enough stresses they transform into simple viscous liquids that behave similarly to the
same polymeric system above the glass transition [5, 6]. The central question is then
how to quantitatively describe the effect of external stresses on the glass transition. The
generic picture is provided by the Eyring model [7] that describes the effect of external
stress as a tilting of the glassy potential energy landscape. At rest the glass does not
flow because the energy barriers for rearrangements are high; the tilting due to stress
then lowers the effective activation energy barriers in the direction of the stress, which
can enhance the molecular mobility by several orders of magnitude [8–10] and result in
flow. However, several ubiquitous observations in shear experiments on polymer glasses
such as mechanical heterogeneity (shear banding) and rheological nonlinearity cannot
be predicted by the Eyring model [10–13], thus indicating that a merely stress-altered
potential energy landscape is not sufficient to explain the interplay between stress and the
glass transition. This suggests that stress-induced changes in the energy landscape itself
have to be considered. The free volume of the polymers is directly related to both the
free energy barriers and to the viscosity and thus in principle provides the key. However
experimental difficulties in directly and locally determining the free volume have thus far
prevented a quantitative determination of free volume changes in polymer glasses under
shear. Here we do so, and show that the energy barriers themselves are lowered by an
amount proportional to the strain squared; it is this lowering of the barriers that allows for
flow.
Free-volume theory describes the glass transition as the hindering of polymer segmental
and molecular-level movements when the free volume decreases below a critical value
at the glass transition temperature (Tg ) so that motion becomes very difficult [14–16].
Similarly to increasing the temperature, inducing a deformation introduces extra free
volume, leading to a locally enhanced molecular mobility [14] that may eventually lead
to flow. Simulations also confirm the direct relation between decreasing free volume and
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increasing mechanical rigidity [17].
We present a microscopy method to detect the free volume changes in the shear-induced
glass transition and show that it is similar to that of the temperature-induced transition.
Our results demonstrate that, external deformation introduces extra free volume, and
consequently plays the same role as temperature in promoting the polymer glass transition.
We modified the Eyring model and use a non-affine deformation model [18] to explain the
shear-induced glass transition and related mechanical instability.

6.2

Experimental section

Our model system is a poly(vinyl acetate) (PVAc, Mw ≈ 500000) glass film, prepared by
following the procedures described in Chapter 2.4.2. For fluorescence measurements, we
use DCDHF fluorescent probes [19], the chemical structure is shown in Fig. 2.11. DCDHF
fluorescent probes are dissolved into the PVAc solution with a very low concentration
of ∼ 1.4 × 10−8 mol/ml, to ensure that the intermolecular interactions do not affect the
fluorescence [20].
Rheological measurements are performed using two rheometers: (i) an Anton Paar
MCR 302 and (ii) a DSR 301 rheometer, coupled with confocal microscopy. Both rheometers employ a small plate-plate geometry with a diameter of 9 mm. The polymer glass is
“glued” to the plates by melting the film using hot air (∼ 200 °C) generated by a blow
dryer. Due to the extra normal force during the cooling process, the gap is varied until
the normal force goes back to zero at room temperature. The film thickness hf ilm and
diameter df ilm vary between 200 to 300 µm, and 5 to 7 mm, respectively. Rheological data
4
d
are calibrated as follows: strain amplitude γ0 = f9ilm · γapp , modulus G = d49 · Gapp ,
f ilm

where the subscript “app” denote apparent average values recorded by the rheometer.
Large-amplitude oscillatory shear (LAOS) is performed at strain amplitudes γ0 between
0.05% and 50%, a fixed frequency of 0.01 Hz and room temperature (293 K).
Fluorescence measurements are done using an inverted confocal laser scanning microscopy (Zeiss Pascal Live) with an Argon laser (λ = 488 nm) (Fig. 2.5 and Fig. 2.6).
The laser power is set at a low value (5% of the total laser power) to avoid photo bleaching.
The fluorescence intensity is measured by scanning a small window (100×100 µm2 ) within
the polymer glass, initially in the middle of the polymer film. Our measurements show
that 50 scans on one location result in a reduction of ∼ 3% in intensity compared to its
initial value. All reported fluorescence data are calibrated based on this. A hot stage for
controlling the temperature and a thermal camera for recording are used. Dust particles
inside the sample are used as tracers.
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Results and discussions

We first investigate the mechanical response of the polymer glass due to increasing temperature. The storage modulus (G ) as a function of temperature of the polymer glass film is
measured by applying small-amplitude oscillatory shear with the strain amplitude γ0 set at
0.1% and the frequency set at 0.01 Hz (Fig. 6.1). As increasing temperature, G exhibits a
plateau at low temperatures and then abruptly decreases to a second plateau (rubbery state)
via the glass transition temperature Tg ≈ 308 K, determined by the maximum value of the
damping factor tan δ = G /G (Fig. 6.1). Using a mechanism of non-affine-displacementassisted glass transition [18], the shear modulus can be correlated with monomer packing
fraction and temperature as
G =

2 k
ϕc eαT (TTg −T )
5π R0


ϕc eαT (TTg −T ) − 1]

(1)

where k and R0 are the equilibrium spring constant and the lattice constant, respectively,
in a disordered lattice description where monomers occupy lattice sites connected by both
covalent and non-covalent interactions [18]. αT = v1 ∂v
is the thermal expansion
∂t
coefficient, and ϕ = ϕc eαT (TTg −T ) is the monomer packing fraction with a critical packing
fraction ϕc at Tg (for monomers we treat like effective hard-spheres, ϕc = 0.64). Quantitatively, the temperature-induced polymer glass transition is due to the shrinkage of the whole
material at low T given by the thermal expansion coefficient [18]; and the free-volume
Vf ) can be described by an expression of the type:
fraction (V
Vf = 1 − ϕ = 1 − ϕc eαT (TTg −T )

(2)

Figure 6.1: Storage modulus G (left) and damping factor tan δ = G /G as a function
of temperature T for a PVAc glass (hf ilm = 245 µm, df ilm = 6.5 mm). Tg is determined
by the local maximum value of tan δ to be 308 K. Inset: theoretical fit of Eq. (1) to G
data points when T < Tg with the following parameters: Tc = 308 K, ϕc = 0.64, and
αT = 3 × 10−4 K −1 . This results in k/R0 = 7.1 × 1010 Pa.
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Figure 6.2: (a) Normalized fluorescence intensity I/I0 as experimentally observed for
PVAc under small-amplitude oscillatory shear (left) and free-volume fraction Vf obtained
from Eq. (2) (right) as a function of temperature T. I0 is the intensity at 293 K and zero
shear. Insets: two fluorescent images (100×100 µm2 ) taken at 292 K (left) and 328 K
(right). (B) I/I0 as a function of Vf . Red lines are linear fits to the data.The dashed lines
indicate the glass transition temperature Tg .
Within this model, the free volume increases upon increasing T due to thermal expansion. To reexamine the validity of this model, we have fitted Eq. (1) to the experimental
data below Tg as shown in the inset of Fig. 6.1. This results in k/R0 = 7.1 × 1010 Pa,
reflecting the material properties. Evidently, Eq. (1) describes the mechanical properties of
the polymer glass well when the temperature is below Tg .
We use Eq. (2) to estimate the free volume fraction Vf in temperature-induced polymer
glass transition. For PVAc the thermal expansion coefficient is αT = 3 × 10−4 K −1 for
T < Tg and 8 × 10−4 K −1 for T > Tg [21]. This gives a decrease in free volume with
decreasing T
T, that is different below and above Tg (Fig. 6.2(a)). In agreement with this, we
observe two distinct linear regimes on either side of Tg with a ratio of slopes (2.71 ± 0.10)
that is equal to the ratio of thermal expansion coefficients (2.67).
To detect the local free volume in a polymer glass, we disperse DCDHF fluorescent
probes in glassy PVAc films. The fluorescence quantum yield of these probes depends on
their molecular confinement, which is directly related to the free volume [19, 22]. Figure
T
6.2(a) shows the normalized fluorescence intensity I/I0 as a function of temperature T,
with I0 being the fluorescence intensity at room temperature (293 K) and zero deformation.
The intensity (I/I
I/I0 ) decreases in an almost linear manner with increasing temperature
T (Fig. 6.2(a)) [23]. Subsequently, an abrupt decrease in (I/I
I/I0 ) is observed at the glass
Tg = 308 K), in agreement with previous reports for different
transition temperature (T
polymer systems and fluorescent molecules [24]. Scanning different spots inside the
sample gives similar intensity results for a fixed temperature, indicating the homogeneous
state of the florescence response to the temperature-induced transition. As one expects
from the mechanism of DCDHF probes [19, 22], the fluorescence intensity drops linearly
with increasing the free volume as shown in Fig. 6.2(b), however with two different slopes
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below and above Tg : I/I0 = 36.7 − 100 · Vf (T < Tg ) and I/I0 = 13.9 − 36.9 · Vf
(T > Tg ). This demonstrates the quantitative correspondence between the fluorescence
intensity and the free volume.
The power-law dependence of the fluorescence intensity I/I0 on the shear modulus G
is shown in Fig. 6.4(c), which can be well described by the Förster–Hoffmann equation
[19, 25]; here the power-law exponent is ∼ 0.1 [26]. In an independent experiment,
we prepared polymer samples with different moduli using different amounts of solvent
(toluene), and measured the fluorescence intensity at room temperature (293 K) while
measuring the shear modulus. To measure modulus, we subject the samples to linear
deformations similar to those in the temperature-controlled experiment by fixing the
strain amplitude at γ0 = 0.1% and the frequency at 0.01 Hz. The excellent overlap of
the solvent-controlled and the temperature-controlled data (Fig. 6.4(c)) suggests that
temperature effects on the quantum yield of the probes are vanishingly small. This shown
unambiguously that the molecular probes here can be used to measure the free volume,
and that the latter directly gives the amplitude of the elastic response of the material.
This allows to quantify the stress-induced changes in free volume and relate them to
the elastic modulus. To explore the shear-induced polymer glass transition, we impose
an oscillatory shear to the sample, gradually increasing the strain amplitude γ0 while
measuring the storage modulus G . Fig. 6.3(a) shows G as a function of γ0 . At small
strains up to γ0 = 0.4%, a plateau is observed for G . The Eyring model, generally taking
∗
a form of G = A · exp( Eak−σ·v
) with kB the Boltzmann constant and σ the stress, predicts
BT
the modulus G in low-strain regime (γ0 ≤ 0.4%) well, giving an activation energy Ea of
about 3.4 × 10−19 J and an activation volume v ∗ of 0.9 nm3 [27]. Further increasing the
strain amplitude results in an abrupt decrease of G . Upon a critical value of γg = 1.36%,
G decreases mildly, indicative of a rubbery state. The critical strain amplitude is the glass
transition amplitude which can be determined from the local maximum of the damping
factor tan δ (Fig. 6.3(a)), we henceforth denote it as γg . At γg , the magnitude of G
decreases one order of magnitude from ∼ 3 × 108 Pa to ∼ 5.5 × 106 Pa, in accordance
with that of the temperature-controlled measurement (from ∼ 3.1 × 108 Pa to ∼ 7.1 × 106
Pa), proving that the transition can be achieved by both temperature and external stress.
The Eyring model, however, does not capture the dramatic decrease of G at higher-strain
regime (γ0 > 0.4%) (Fig. 6.3(a)), as is also shown in [10].
Fig. 6.3(b) shows the shear stress (σ) data corresponding to Fig. 6.3(a). For γ0 ≤ 0.4%,
σ increases with γ0 in a power-law manner with an exponent of 0.9, indicating a small but
non-negligible deviation from an ideal Hookian behavior, consistent with the prediction
of the Eyring model (Fig. 6.3(b)). The crucial observation here is that, when the strain
amplitude is larger than γ0 = 0.4%, shear stress σ decreases with increasing strain
amplitude γ0 , which signals a mechanical instability. Later we will show that visualization
of tracer (dust) particles reveals that the instability leads to shear banding in the polymer
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Figure 6.3: (a) Storage modulus G (black squares; left axis) and damping factor tan δ
(blue circles; right axis) as a function of the strain amplitude γ0 . From the local maximum
of the damping factor, the glass-transition strain is determined to be at γg = 1.36%.
(b) Shear stress σ as a function of γ0 corresponding to (a) (black squares). Red circles
represent the prediction of the non-affine model for (G · γ0 ). The black and red continuous
lines in both plots represent the predictions based on the Eyring and the modified Eyring
model, respectively.
glass: the shear localizes in a small region near the moving wall. As evident from Fig.
6.3(b), the Eyring model does not predict such an instability.
To track the free volume changes in the shear-induced glass transition, we perform a
strain sweep, simultaneously scanning four layers at different depths near the top plate (15
µm between two adjacent layers), as schematically shown in Fig. 6.4(c) inset. Fig. 6.4(a)
shows the normalised intensity I/I0 at the four different layers as a function of the imposed
γ0 . Intensities are decreasing but indistinguishable at small strains (γ0 ≤ 0.4%). At higher
strains the decrease strongly depends on the depth within the sample. The closer to the top
layer, the larger the decrease is, with the top layer exhibiting the most pronounced (about
60%) and the deepest layer the smallest (10%) decrease in the intensity.
The error bars in Fig. 6.4(a) come from fluorescence fluctuations within one oscillatory
cycle. Fig. 6.4(b) clearly shows that the frequency of the fluorescence response doubles
that of the imposed strain, and the peaks coincide with the strain extrema. This coincidence
is the result of local hardening effect (Surpporting Information), i.e., the local modulus
increases as the absolute value of the time-dependant strain increases [28]. Our system
shows both global softening and local hardening and the softening effect dominates the
rheological behavior [28].
The variation in fluorescence from one layer to the next at the same strain amplitude
γ0 or modulus G (Fig. 6.4(a), and Fig. 6.8 in Supporting Information), suggests that
heterogeneous deformation occurs. Using the tracer particles we can also measure the
local deformations at each layer (Supporting Information), and hence from the stress
measured by the rheometer estimate the true local modulus for each depth. Once we
plot I/I0 as a function of this true G (Fig. 6.4(c)), all the data points coincide with
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Figure 6.4: (a) Normalized fluorescence intensity I/I0 as a function of strain amplitude γ0
for four adjacent layers of the sample. I0 is the intensity at room temperature 293 K and
zero shear. Insets: two fluorescent images (100×100 µm2 ) taken at γ0 = 0.2% (left) and
γ0 = 12% (right). (b) Shear strain γ(t) and I/I0 (layer 4) as a function of time t within
two cycles. The strain is fixed at γ0 = 14.2%. (c) I/I0 as a function of true G for the
shear-controlled experiments (4 different layers), the temperature-controlled experiment
and solvent-controlled experiment. The solid line represents a power-law dependency.
Inset: schematic view of the 4 scanned layers. (d) Free-volume fraction (V
Vf ) as a function
of true G for the temperature-controlled and a shear-controlled experiment (layer 4).
those of the temperature-controlled and solvent-controlled experiments, with again a oneto-one correlation between modulus and fluorescence intensity. We conclude that both
temperature-controlled and shear-controlled measurements show the same free-volume
changes, and at the critical glass transition modulus (corresponding to Tg and γg ), the free
volume fractions in both cases turn out to be Vf ≈ 0.36 (Fig. 6.4(d)), which is the value
independently suggested by the non-affine displacement model [18]. Thus, the behavior of
the system is uniquely described by its free volume, which gives both the local modulus
and free energy.
To go beyond the Eyring model and qualitatively account for the shear banding instability, we need to account for the changes in the free energy landscape due to the application
of the stress or strain. The stress-dependence of the Eyring model is clearly insufficient
to account for the instability; this merely tilts the potential energy landscape (Fig. 6.5),
and once the stress term is comparable to the activation energies, the glass will simply
and homogeneously yield and flow. This is because the tilting term inside the exponential,
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Figure 6.5: Schematic representation of the alteration of the energy landscape by the
Eyring model in "tilting" the energy landscape and by the modified Eyring model in
lowering the energy barriers.

σ · v ∗ , is taken to be independent of the applied strain, which is unreasonable from a
physical point of view. In fact, both σ and v ∗ must be increasing functions of the applied
strain. The stress is clearly increasing with the strain, and the characteristic volume for
activation events (e.g. shear transformation zones) must also increase with increasing
strain [29]. By symmetry the simplest assumption is to take the lowering of the energy
2
barrier proportional to the square of the strain, leading to: G = A · exp( Eak−εγ
). This
BT
heuristically modified Eyring model (Fig. 6.5) describes the mechanical instability (Fig.
6.3(b)) as well as the shear modulus (Fig. 6.3(a)) remarkably well, giving the same γg
as the experimental value. Here T = 293 K, and A and Ea are obtained from fitting the
Eyring model to the modulus G data at small strains; ε ≈ 1.9 × 104 kB T is used as the
only adjustable parameter: it is on the order of the modulus (3 × 108 Pa) multiplied by a
typical molecular volume (260 nm3 ), as one would expect.
To provide a more microscopic theory that quantitatively links the macroscopic modulus
with the free volume measurements at a more microscopic level, we can use a disordered
2 k
lattice description [18] that gives the non-affine expression for G = 5π
ϕ(z − zc ). Here
R0
z is the average total coordination number of one monomer, and contains both covalent
bonds and non-covalent (Lennard-Jones-like) attractive van der Waals interactions [18, 30].
zc = 4 is the critical number at the glass transition when ϕ = ϕc = 0.64 [18], which was
recently verified by molecular dynamic simulations of linear polymers [30]. Under shear,
z varies exponentially with the imposed strain z = z0 eCγ [31], where z0 ≈ 4.38 is the
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value at zero strain. This value is estimated from z = z0 e−αT ·T , taking T = Tg = 308
K and then z = zc = 4. The system is strain-hardening in the case of C > 0, which
indicates “gaining” neighbors, and strain-softening for C < 0, which means neighbors are
“getting lost”. According to [18], ϕ and z are related via: z − zc = (ϕ − ϕc )b , where the
power-law exponent b is a strong function of the monomer-monomer chemical interaction,
including steric contributions. In our case, we found that b = 1 provides a good description
of the experimental data and that z − zc thus varies linearly with ϕ − ϕc , leading to
ϕ = ϕc + (z − zc ). By combining the equations for ϕ and z, the modulus G and Vf under
shear would be expressed as:
G (γ) =

2 k
[ϕc + (z0 eCγ − zc )](z0 eCγ − zc )
5π R0

Vf (γ) = 1 − ϕ = 1 − ϕc − (z0 eCγ − zc )

(3)

(4)

Figure 6.6: Theoretical fit (red line) of Eq. (3) to true G data in the glassy state for
the shear-controlled experiment. Inset: free volume fraction (V
Vf ) as a function of strain
amplitude γ0 is fitted by Eq. (4) with ϕc = 0.64 and C ≈ −7.3 (red line). Here we
use z0 ≈ 4.38, zc ≈ 4, and k/R0 = 1.2 × 1010 Pa close to the value obtained from the
temperature-controlled experiment.
Figure 6.6 shows that the true modulus G before the glass transition (γ0 < 1.36%)
is well described by Eq. (3), yielding a negative coefficient of C ≈ −7.3, indicating
global softening. Microscopically, shear promotes the breakup of non-covalent bonds
between monomers that are otherwise not covalently bonded, in the extensional direction
of shear. Due to excluded volume effects, fewer contacts can be built by the shear in
the compression direction than are broken in the extension direction, leading to a net
decrease of attractive interactions and consequently softening [31]. This process is also
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accompanied by dilatancy and an increase of the free volume. Using C ≈ −7.3 and Eq.
(4), the free-volume change before the glass transition is estimated and found to agree well
with the calculation based on the fluorescence measurements (Fig. 6.6 inset). In addition,
the theoretical G calculated by the non-affine displacement model times the deformation
predicts well the negative slope of stress-strain curve and consequently the instability (Fig.
6.3(b)).

6.4

Conclusions

Our results reveal the importance of free volume and non-affine contributions to explain
the inelastic behavior of a glassy system under large deformation. The Eyring model which
is based on the assumption of merely tilting the potential energy surface under external
stress is only valid at low strain amplitude and fails to explain the yielding behavior at large
deformations. Our modified Eyring model and also the non-affine model quantitatively
describe the mechanical instability and yielding of the material under shear. Furthermore,
the microscopic non-affine deformation model is able to consistently link the macroscopic
shear modulus with the microscopic free-volume variations under shear, thus providing a
bridging framework between free-volume and rheological measurements. These results
will lead to a deeper understanding of the glass transition, and specifically of the roles of
free volume, shear and molecular mobility in the polymer glass transition.

92

6.5
6.5.1

Chapter 6. Free-Volume in a Sheared Polymer Glass

Supproting Information
Frequency-dependence of the shear modulus

The complex viscoelastic shear modulus has been explained in [32] in analytical form as
follows:
G∗ (ω) = GA −



ωD
0

ωp )
D(ω
ωp )Γ(ω
dωp
2
2
mω − mωp − imv

(5)

ωp ) the vibrational density of states (DOS) of the
where GA is the affine shear modulus, D(ω
system, ωp the eigenfrequency; v a microscopic damping coefficient for monomer-level
ωp ) a correlation function of the normallymotion in the dense glassy environment; and Γ(ω
decomposed non-affine forces acting on the building blocks (monomers in our case), which
expresses how correlated these forces are for a given eigenfrequency.
In the limit of zero-frequency of the applied shear field, ω → 0, the real part (storage
modulus) of the above expression reduces to the standard non-affine shear modulus G (ω →
2 k
0) = GA − GN A = 5π
ϕ(z − zc ). We will now show that the high-frequency limit is
R0

instead given by G (ω → ∞) = GA . In reference [33] of this chapter, it was derived
ωp ) ∼ ωp2 . For the sake of simplicity, and without loss of generality, we can take
that D(ω
D(ω
ωp ) ∼ ωp2 . This is of course not true for glasses, but since the DOS is normalized, the
final result for the asymptotic limit will not change for a different DOS. Because we are
interested in the shear modulus, it suffices to consider the real part of the complex quantity
Gp . The real part of the integrand above is easily seen to be
2mω
mωp4 (ω 2 − ωp2 )

m2 ω 4 (1 +

ωp4
ω4

ω2

− 2 ωp2 )

Figure 6.7: Schematic plot of shear modulus as a function of temperature for two extreme
conditions.
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Thus, we observe that in the high-frequency limit, where ω → ∞, the above expression
will converge to zero, leading to G (ω → ∞) = GA .

The qualitative behavior of G (ω) for a glass, in general, depends on the product ωτ ,
where τ is the α-relaxation time of the glass. On the basis of the non-affine theory, the
qualitative behavior is thus summarized by the schematic plot above, as also explained
in [34].
In the present work, the storage modulus G is measured at frequency 0.01 Hz which is
sufficiently low compared to the relaxation time that the overall temperature-dependence
is reasonably expected to agree with theoretical predictions in the low-frequency limit
ω → 0.

6.5.2

Fluorescence measurement in shear-induced glass
transition

Figure 6.8: Normalized florescence intensity I/I0 as a function of the apparent modulus
G for shear-controlled, temperature-controlled and solvent-controlled experiments on a
double-logarithmic scale.

6.5.3

Shear-induced polymer glass transition: local
hardening vs. global softening

We impose strain as a sinusoidal function γ(t) = γ0 sin ωt in oscillatory shear experiments.
In both temperature- and solvent-controlled experiments, the stress response is also sinusoidal as σ(t) = σ0 sin(ωt) and the moduli are acquired based on the linear viscoelastic
(LVE) response to small strain amplitudes (γ0 = 0.1%). For strain sweep measurements, the LVE response is only valid for γ0 < 0.4%. For large-amplitude oscillatory shear
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γ0 > 0.4%, the stress contains higher harmonic components as σ(t) = σn sin Σ(nωt + δn ),
with n > 1 [28], which corresponds to nonlinearity. For a given strain amplitude, the
nonlinear response can be represented as a distorted ellipse in Lissajous curves where σ(t)
is plotted as a function of γ(t). The upward turn of the curve at strain extrema reveals a
strain hardening effect (Fig. 6.9), i.e., the modulus is increased by increasing the timedependant strain |γ(t)| within one oscillatory cycle and the polymer film is compressed
leading to decrease of the free volume [28]. This qualitatively explains the coincidence
of the intensity peaks with the strain extrema and doubled frequency (Fig. 6.4(b)). The
fluorescence response within one oscillatory cycle is consistent with the fact that the
material shows global softening and consequently the florescence intensity decreases by
increasing the strain amplitude γ0 (Fig. 6.4(a)). This, again, proves the link between the
fluorescence intensity and the modulus in our experiments. The global softening versus
local hardening effect is systematically studied in [28], where it is concluded that the
softening effect dominates the rheological behavior.

Figure 6.9: A typical Lissajous curve for our experimental system: shear stress σ(t)
as a function of strain γ(t) for an individual oscillatory measurement where the strain
amplitude is fixed at γ0 = 6.4%. The upward turn of the curve shows local strain hardening
effect.
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Local deformation

We track local displacement of “tracers” at different layers in the polymer film (Fig. 6.10)
and find heterogeneous deformation localized near the upper layer (Fig. 6.4(a)). Therefore,
G reported by the rheometer (Fig. 6.3(a)) is only an average value. By local measurement
of the deformation for different layers and assuming a homogeneous distribution of stress
throughout the whole gap in the z-direction, we are able to estimate the local modulus of
the material (true G ) for each layer (Fig. 6.11).

Figure 6.10: Two fluorescent images (100×100 µm2 ) taken at γ0 = 8.7% at layer 5. White
and red circles are referential for showing the local deformations. Dust particles inside
the sample are used as tracers.

Figure 6.11: True modulus G as a function of the strain amplitude γ0 for four scanned
layers in the shear-controlled experiment.
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List of symbols

List and description of the main symbols used in this thesis.
symbols description
unite
σ
shear stress
Pa
γ
strain
γ̇
shear rate
s−1
˙
elongational rate
s−1
η
viscosity
Pa · s
η0
the solvent viscosity
Pa · s
ηe
elongational viscosity
Pa · s
σii
normal stress in the i direction
Pa
N 1 , N2
the 1st and 2nd normal stress difference
Pa
Ψ1 , Ψ2
the 1st and 2nd normal stress difference coefficient P a · s2
G , G
storage modulus, loss modulus
Pa
F
force
N
FN
normal force
N
M
torque
N ·m
h
gap size
m
d
particle diamter
m
ρ
density
kg/m3
γ
surface tension
N/m
ϕ
volume fraction
%
ϕm
maximum volume fraction
%
Vf
free volume fraction
%
r,R
radius
m
t
time
s
τ
characteristic time
s
m
mass
kg
v
velocity
m/s
ω
frequency
s−1
V
volume
m3
λ
wavelength
nm
T
temperature
°C
Re
Renolds number
St
Stokes number

Summary
Complex fluids cover a large range of materials. This thesis focuses on two types of such
systems: granular suspensions that show shear thickening and polymer glasses, viscoelastic
solid materials. Suspensions of granular particles have sparked great interest in recent
years, not only due to interest from fundamental research but also because of their potential
in industrial applications in areas like food production, pesticides, cosmetics, construction
and oil well engineering. Depending on the suspending-liquid properties, particle sizes and
volume fractions, granular suspensions show very rich rheological behaviours such as shear
thickening, elevated normal stresses and an intriguing elongational rheology. Precisely
these three rheological behaviours are systematically studied in three chapters (Chapters
3-5) of this thesis. The final chapter (Chapter 6) deals with the issue of the polymer glass
transition. Traditionally, for thermoplastics, the so-called glass transition temperature (Tg)
determines the transition between solid-like and liquid-like material. Accordingly, when
the temperature is decreased below Tg, the initially liquid polymer melt becomes hard
and brittle, and behaves like a glass. Our experiments show that besides increasing the
temperature, a glass to liquid transition can also be achieved by imposing shear; thus,
a critical glass-transition strain amplitude is defined. Knowledge of the polymer glass
rheology is important for understanding and optimizing their performance in industrial as
well as in everyday applications.
In Chapter 1, we give a brief introduction to the subject of soft matter or complex fluids,
and contrast these with simple viscous liquids and elastic solids. For non-Newtonian fluids,
emphasis is put on shear-thickening granular suspensions. We describe their rheological
properties from different points of view, for each of which we briefly review recent research
progress. We provide the basic context on polymer glasses and discuss the free volume
theory that has been developed to explain the glass transition behaviour. The motivation of
the current research is given, and the scope of this thesis is presented.
In Chapter 2, we present the experimental techniques for performing rheology measurements, fluorescence measurements and droplet pinch-off experiments. Specifically
for the rheology part, we define the relevant rheological terms, describe the rheometers
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and rheometer geometries used, and outline the experimental protocols used to conduct
both rotational and oscillatory measurements. Subsequently, the materials and methods
used for preparing granular suspensions and polymer glasses are described. Two different
fluorescent probes used for fluorescence measurements are also introduced here.
In Chapter 3, we focus on a current "hot" topic in the area of granular suspensions: the
mechanism behind the shear thickening phenomenon. We present direct evidence showing
that friction is at the origin of shear thickening. We start by showing non-monotonic
shear thickening behaviour in concentrated suspensions, characterized by an S-shaped
flow curve (shear stress vs shear rate) with a negative slope between the low-viscosity
Newtonian regime and the high-viscosity shear thickened regime. This behaviour is
observed when the shear stress is varied, with a hysteresis that depends on the rate at which
up-and-down stress sweeps are performed. In shear rate-controlled rheology measurements,
discontinuous shear thickening occurs. For dilute suspensions, however, the flow curves
obtained from both stress-controlled and shear rate-controlled rheology measurements
are indistinguishable. For S-shaped flow curves, when a constant stress is imposed that
is intermediate between the high- and low-stress branches, our fluorescence visualization
experiments suggest that the flow remains homogeneous during the transition from the
Newtonian to the shear-thickened state. The S-shaped shear thickening is then due to the
discontinuous formation of a frictional force network between particles upon increasing
the stress. We also show that the flow in shear-thickened state is stable, indicating that
jamming is not a prerequisite for observing the shear thickening behaviour.
In Chapter 4, we extensively study the normal stress of granular suspensions and how
it relates to the shear-thickening behaviour. In order to quantify the non-trivial normal
stress response, we focus on a typical particle volume fraction at 56% and ensure that the
shear-thickened state is reached in rheological measurements. We first perform oscillatory
measurements by using a parallel-plate geometry, and observe a transition from positive to
negative normal stresses, upon increasing the particle diameter or decreasing the gap size
between the two plates. It is shown that the solvent mobility through the inter-particle space,
in terms of the relaxation time, plays a decisive role in determining the sign and magnitude
of the normal stresses. We conclude that the particle pressure contributes positively to the
normal stress and induces frictional shear thickening behaviour; the contribution from the
liquid phase is negative. At a certain particle diameter and gap size, the latter dominates,
resulting in negative normal stresses. We show that the relative contributions from the
two phases can be estimated using the two-fluid model. The results from rotational
measurements, performed by using the same parallel-plate geometry, support the above
findings. The rheological measurements are also done by employing a cone-plate geometry;
the normal stress difference N1 is disentangled from N2 by combining the results from
the parallel-plate and cone-plate geometries. We also establish how these parameters
determine N1 − N2 .
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In Chapter 5, the elongational rheology of shear-thickening granular suspensions is
studied by looking at droplet formation. Our studies focus on the influence of the presence
of particles on the droplet breakup behaviour and the ensuing finite-time singularity. By
systematically varying the particle diameters and volume fractions, we show that the droplet
breakup happens in three different manners, and that we can thus distinguish three different
regimes. For dilute suspensions, droplet formation follows the predictions for inertial
breakup and exhibits the same dynamics as the suspending liquid, i.e., water. The breakup
is strongly asymmetric in this case. Only for concentrated suspensions does the presence
of particles change the dynamics and two other regimes, i.e., a symmetrical inertial regime
and a Bagnoldian regime, are uncovered. In the Bagnoldian regime, the breakup dynamics
is exponential and the final geometry of the thinning filament is cylindrical. Furthermore,
its elogational rheology is found to be correlated with shear rheology. Finally, we establish
a phase diagram that allows us to understand and predict the droplet breakup behaviour in
granular suspensions.
In Chapter 6, we present a study on the effect of shear on a polymer glass. We show that
deforming a polymer glass can result in a glass transition even at temperatures below Tg,
and the molecular free volume is key to understanding this phenomenology. We employ
environment-sensitive fluorescence probes dispersed in a polymer matrix to locally detect
the free-volume changes. Calibrating the florescence intensity to the temperature-induced
glass transition, we can directly measure free-volume changes in the shear-induced glass
transition experiments. We show that shear is equally effective as temperature in promoting
the glass transition with similar free-volume increases. A shear-induced mechanical
instability that leads to a localized deformation in the material is observed. The Eyring
model considering the potential-energy landscape does not predict such an instability;
however, a modified Eyring model based on lowering the activation energy barriers by
deformation works well. Finally, a non-affine deformation model is introduced to explain
the free-volume changes during the glass transition as well as the mechanical instability.
The fact that both models explain the same physical observation indicates that the modified
Eyring model in fact considers the free-energy landscape, in which the energy barriers are
lowered due to the contribution of non-affine displacements.

Samenvatting
Het begrip complexe vloeistoffen omvat een groot aantal materialen. Dit proefschrift richt
zich op twee soorten systemen: granulaire suspensies, die dilatie vertonen, en glasvormende
polymeren, die visco-elastische vaste stoffen zijn. Suspensies van korrels staan sinds
kort sterk in de belangstelling. Dit niet alleen vanwege hun waarde voor fundamenteel
onderzoek maar ook met het oog op commerciële toepassingen, zoals op het gebied van
levensmiddelenproductie, pesticiden, cosmetica, de bouw en de olie-industrie. Afhankelijk
van de eigenschappen van het vloeibare medium van de suspensie, de deeltjesgroottes
en volumefracties, vertonen granulaire suspensies zeer rijke soorten reologisch gedrag
zoals dilatatie, verhoogde normaalspanningen en een intrigerende rekreologie. Daarom
worden precies deze drie aspecten systematisch onderzocht in drie hoofdstukken van dit
proefschrift (Hfst. 3-5). Het laatste hoofdstuk (Hfst. 6) gaat in op de het fenomeen van de
glasovergang in polymeren. Traditioneel, voor thermoplastische materialen, markeert de
zogenaamde glasovergangstemperatuur (Tg) de overgang tussen vast en vloeibaar gedrag.
Wanneer de temperatuur onder Tg zakt, wordt het oorspronkelijk vloeibare polymeer hard
en bros en gedraagt het zich als een glas. Onze experimenten tonen aan dat deze overgang
van glasachtig naar vloeibaar niet alleen door het verhogen van de temperatuur maar
ook door het aanleggen van afschuifkracht kan worden bewerkstelligd; om deze reden
wordt een kritische glasovergangsrekamplitude gedefinieerd. Kennis van de reologie van
glasvormende polymeren is belangrijk voor het begrijpen en verbeteren van de prestaties
van dit type materialen in industriële en alledaagse toepassingen.
In Hoofdstuk 1 geven we een korte inleiding op het onderwerp van zachte materie
of complexe vloeistoffen, en hoe ze verschillen van eenvoudige viskeuze vloeistoffen
en elastische vaste stoffen. Voor niet-newtoniaanse vloeistoffen kijken we met name
naar dilatante granulaire suspensies. We beschrijven hun reologische eigenschappen
vanuit vier verschillende gezichtspunten en geven voor elk een kort overzicht van recente
onderzoeksresultaten. We introduceren het onderwerp van glasvormende polymeren en
bespreken twee relevante theorieën die ontwikkeld zijn om het glasovergangsgedrag te
verklaren. De motivatie van het huidige onderzoek en de reikwijdte van dit proefschrift
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worden beschreven.
In Hoofdstuk 2 bespreken we de experimentele technieken voor het uitvoeren van
reologische metingen, fluorescentiemetingen en druppelexperimenten. Specifiek voor
het reologiedeel definiëren we de relevante reologische termen, en beschrijven we de
gebruikte reometers, de reometergeometrieën en de experimentele protocollen voor het
uitvoeren van zowel rotationele als oscillerende metingen. Vervolgens worden de materialen beschreven die gebruikt zijn voor het bereiden van de granulaire suspensies en
glasvormende polymeren. We introduceren twee verschillende fluorescerende sondes die
voor fluorescentiemetingen worden gebruikt.
In Hoofdstuk 3 richten we ons op een momenteel zeer actief onderwerp op het gebied
van granulaire suspensies: het mechanisme achter het dilatatiefenomeen. We presenteren
rechtstreeks bewijs waaruit blijkt dat wrijving de oorzaak is van de dilatatie. Allereerst
laten we niet-monotoon dilatatiegedrag zien in geconcentreerde suspensies, gekenmerkt
door een S-vormige vloeikromme (afschuifspanning versus afschuifsnelheid) met een
negatieve helling tussen het newtoniaanse regime bij lage viscositeit en het dilatatieregime.
Dit gedrag wordt waargenomen wanneer de schuifspanning wordt gevarieerd, waarbij er
sprake is van hysterese die afhangt van de snelheid waarmee de mechanische spanning
wordt opgevoerd en weer weggenomen wordt. In reologische metingen waarbij de afschuifsnelheid wordt gevarieerd, treedt discontinue dilatatie op. Bij verdunde suspensies
daarentegen zijn de vloeikrommen, die verkregen zijn door enerzijds de spanning en
anderzijds de afschuivingssnelheid te variëren, niet van elkaar te onderscheiden. Voor
S-vormige vloeikrommen, wanneer een constante spanning wordt opgelegd die tussen
de hoge- en lagespanningstakken ligt, suggereren onze fluorescentie-experimenten dat
de stroming homogeen blijft gedurende de overgang van newtoniaanse naar dilatante
toestand. De S-vormige dilatatie wordt in dit geval veroorzaakt doordat er bij toenemende
spanning, op discontinue wijze een netwerk van wrijving tussen deeltjes gevormd wordt.
We tonen ook aan dat de stroming in de dilatante toestand stabiel is, wat aangeeft dat
jamming, waarbij deeltjes vast komen te zitten doordat ze dicht op elkaar gepakt zijn, geen
voorwaarde is voor het waarnemen van dilatatie.
In Hoofdstuk 4 bestuderen we uitvoerig de normaalspanning van granulaire suspensies
en hoe deze samenhangt met het dilatatiegedrag. Om een niet-triviale reactie op normaalspanning te detecteren, realiseren we een volumefractie van 56% en zorgen we ervoor
dat in de reologische metingen dilatatie wordt bereikt. Allereerst voeren we oscillerende
metingen uit met behulp van een parallelleplaatgeometrie en nemen we bij toenemende
deeltjesdiameters of afnemende afmetingen van de spleet tussen de twee platen een overgang waar van positieve naar negatieve normaalspanningen. Er wordt aangetoond dat de
mobiliteit van de vloeistof tussen de deeltjes door, gekenmerkt door de relaxatietijd, een
beslissende rol speelt bij het bepalen van het teken en de grootte van de normaalspanningen.
We concluderen dat de deeltjesdruk een positieve bijdrage levert aan de normaalspanning en

Samenvatting

109

wrijvingsdilatatie induceert; de bijdrage van de vloeistoffase is negatief. Bij een bepaalde
deeltjesdiameter en spleetgrootte domineert de laatstgenoemde bijdrage, met negatieve
normaalspanningen als gevolg. De relatieve bijdrage van de twee fasen kan worden geschat
door gebruik te maken van het tweevloeistoffenmodel. De resultaten van rotatiemetingen
ondersteunen bovenstaande bevindingen. We voeren ook rotatiemetingen uit door gebruik
te maken van een kegel-plaatgeometrie; de verschillen in de normaalspanning N1 en N2
worden ontrafeld door de resultaten van de parallelleplaat- en kegel-plaatgeometrieën te
combineren. Ook stellen we vast hoe deze parameters N1 − N2 bepalen.

In Hoofdstuk 5 wordt de rekreologie van dilatante granulaire suspensies bestudeerd
door middel van druppelvormingsexperimenten. In dit onderzoek bestuderen we de invloed
van deeltjes op hoe druppels afbreken en de daaropvolgende eindigetijd-singulariteit. Door
de deeltjesdiameters en volumefracties systematisch te variëren, laten we zien dat het
afbreken van druppels gebeurt op drie verschillende manieren, en er dus drie verschillende
regimes zijn. Voor verdunde suspensies volgt de druppelvorming de voorspellingen voor
inertieel afbreken en vertoont het dezelfde dynamiek als die van het suspensiemedium,
namelijk water. Het afbreken is sterk asymmetrisch in dit geval. Alleen voor geconcentreerde suspensies verandert de dynamiek van het opbreken door de aanwezigheid van
deeltjes. Twee andere regimes, een symmetrisch inertieel regime en een Bagnoldisch
regime, worden hierdoor blootgelegd. In het Bagnoldische regime is de dynamiek van het
afbreken exponentieel en de uiteindelijke geometrie van het dunner wordende filament
cilindrisch. Verder tonen we een correlatie aan tussen de rekreologie en de afschuifreologie
van de druppel. Tenslotte wordt een fasediagram opgesteld dat ons in staat stelt om het
afbreken van druppels van granulaire suspensies te begrijpen en te voorspellen.

In Hoofdstuk 6 presenteren we een studie van hoe een glasvormend polymeer ‘vloeit’.
We tonen aan dat het vervormen van een glasvormend polymeer kan resulteren in een
glasovergangspunt bij temperaturen onder Tg, en dat het moleculaire vrije volume erg
belangrijk is om deze fenomenologie te begrijpen. Wij gebruiken omgevingsgevoelige
fluorescentiesondes gedispergeerd in een polymeermatrix om lokale vrijevolumeveranderingen te detecteren. Door de fluorescentie-intensiteit van de temperatuursgeïnduceerde
glasovergang te kalibreren, kunnen we vrijevolumeveranderingen rechtstreeks meten in
experimenten waarbij de glasovergang wordt geïnduceerd door afschuiving. We tonen
aan dat afschuiving even effectief is als de temperatuur om een glasovergang te bewerkstelligen, met vergelijkbare toenames in het vrije volume. Een afschuivingsgeïnduceerde
mechanische instabiliteit die leidt tot een gelokaliseerde vervorming in het materiaal wordt
waargenomen. Het Eyringmodel, dat uitgaat van het potentiële-energielandschap kan
een dergelijke instabiliteit niet voorspellen; een aangepast Eyringmodel gebaseerd op het
verlagen van de activeringsenergiebarrières door vervorming slaagt daar beter in. Tenslotte
wordt een niet-affien vervormingsmodel geïntroduceerd om zowel de vrijevolumeveranderingen tijdens de glasovergang als de mechanische instabiliteit te verklaren. Het feit dat
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beide modellen dezelfde fysische waarneming verklaren, geeft aan dat het gemodificeerde
Eyringmodel in feite het vrije-energielandschap beschouwt, waarbij de energiebarrières
verlaagd worden door de bijdrage van niet-affiene verplaatsingen.
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