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Chapter 1

Yielding in soft materials:
state of the art

Figure 1.1: Metallic wire deformed below (top series) and above (bottom series)
its yielding point.

1.1 Yielding: a solid to fluid transition

This thesis is devoted to the study of yielding, a mechanical phenomenon
common to all solids and particularly relevant for ductile materials: those
materials exhibiting a wide plastic regime. In solids’ mechanics yielding can
be defined as the onset of an irreversible deformation due to the application
of a load. Differently from fracture, during yielding the material does not
break in pieces but both its shape and its mechanical properties are irre-
versibly modified Fig.1.1.

In Fig.1.2 we sketch a simplified load vs deformation curve for a ductile and
a fragile solid. We can divide the response curve in three parts. For small
enough loads the deformation grows linearly: this corresponds to an elas-
tic (spring-like) behavior. Increasing the load we observe a deviation from
linear elasticity, not necessarily related to an irreversible process. In the
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Figure 1.2: Load vs deformation response for a ductile (blue line) and brittle (red
dotted line) material. Both of the curves exhibit an initial elastic region. From the
yield point on, the deformation increases with no change in load. Fragile materials
break at relatively small deformation after passing a narrow ductile region. The x
in the fragile curve marks the failure point, when the material breaks in two, or
more, pieces and opposes no more resistance.

third region, the deformation increases even if a constant load is maintained:
this is what is called yielding. The extent of the yielding region depends on
the material ductility: it is very narrow for fragile materials that break at
relatively small deformation. Despite the fact that we are considering solid
samples, the mechanical behavior in the yielding region closely resembles the
behavior of a fluid. We can ask how deep is this analogy, in particular with
reference to the microscopic structure and dynamics of the material in this
peculiar state, will they resemble that of a solid or that of a liquid?
Moreover yielding occurs with common features across very different ma-
terials, this suggests that there is an underlying common mechanism and,
to some extent, this universality allows us to arbitrarily choose our favorite
model system, with a reasonable hope that what we will learn on that system
will teach us something that will be applicable to a wider class of materials.
The focus of this work is on the mechanical yielding of soft materials
and more specifically of yield stress fluids. This category includes differ-
ent systems with very diverse applications and compositions: foodstuff [63],
cosmetics [20], paints [68], drilling fluids [75], fresh concrete [113] etc.

The advantages coming from studying the yielding transition in soft ma-
terials are numerous. One of them is reproducibility: in yield stress fluids,
after yielding occurred and the load is removed, the initial condition, in terms
of mechanical properties, is quite easily resetted. Another relevant consid-
eration is that soft materials are usually composed of elementary "building
blocks" that have dimensions comprised between tens of nanometers and few
microns. This makes their structures and microscopic dynamics accessible
by means of optical techniques, such as microscopy or light scattering. This
is particularly important for the sake of this work, since we are interested in
investigating the connection between macroscopic and microscopic behaviors.



To give a more precise definition of yielding we need to go through the
definition of the specific mechanical tests. Since yielding is a non-linear
property of the material its occurrence depends on the way in which the
material is tested, and there is no straightforward way to connect the result
of an experimental protocol to a different one. We will go through three
different mechanical tests commenting on how yielding occurs in the different
conditions, with a particular attention to the definition of the yield stress and
the yield strain: the values that marks the onset of the yielding transition.

Afterwards, we will review some recent experimental studies that probe
the microscopic structure and dynamics during the mechanical tests.

The main test is accompanied by boxes where some basic concepts of rhe-
ology, microscopy and scattering, are introduced. These concepts are
necessary for the understanding of the discussion, but the reader that is
already familiar with the topics can safely skip them.

Figure 1.3: Parallel sliding plates shear experiments. Views in prospective (top
left and center), from the side (bottom left and center) and from the top (right).
The shear deformation ~ is defined as the displacement Ax divided by the sample
thickness h. F' is a shear force (parallel to the plates) applied to induce the shear
deformation . Shear stress is defined as o = %, where A is the area of of the
sample.



Rheology

A mechanical test is the combination of a force application and a deformation
measurement (or vice versa). Shear rheology experiments are those mechan-
ical experiments where shear forces (or shear deformations) are applied.
Referring to Fig.1.3, which represents a shear experiment in parallel slid-
ing plates conditions 1.4.1, we define the relative deformation v = %,
the deformation rate as the time derivative of the relative deformation ¥
and the shear stress o = % i.e. the applied shear force divided by the area
A of the sample surface portion to which the force F' is applied.

The two simplest examples of materials that one can consider are ideal elas-
tic solids and Newtonian liquids.

For the former the mechanical response is
oc=G EY (1.1)

where G is, by definition, the linear elastic modulus. In this case the
stress is linear with the instantaneous deformation ~.
In the case of Newtonian fluids

o=y (1.2)

where 7 is fluid’s viscosity. In this case the stress only depends on the
shear rate 4. Equations 1.1 and 1.2 introduce useful concepts to describe
the response of a wide class of materials to small perturbations.




Rheology: Linear visco-elastic moduli

In the linear regime, the mechanical response of a general visco-elastic ma-
terial in the temporal domain is described by the equation

o(t) = / dt'G*(t — t")y(t).

In the Fourier domain &(w) = G*(w)j(w). The symbol 7 represents the
Fourier transform.

In the case of a harmonic perturbation v = 7o cos(wot) transforming back in
the temporal domain the equation 1.1 we obtain

a(t) = G'yp cos(wot) — G"~p sin(wpt) (1.3)

where G’ is the real part of G(wp) and G” is the imaginary one. The physical
interpretation of these quantities is straightforward:

e (& is the elastic (or storage) modulus. It is the generalization of the
elastic modulus introduced in 1.1: it’s the part of the stress propor-
tional to the shear deformation.

e G is the viscous (or loss) modulus, it is related to the viscosity by the
relation G’ = wn: it’s the part of the stress proportional to the shear
rate.

1.2 Creep experiments

A very natural way to define the yield stress is to measure the response to
the sudden application of a homogeneous constant stress. This kind of test
is called creep test and in this approach the yield stress is defined as the
critical value o, such that:

e for o < o, the system displays a solid like behavior,
e for o > o, the system behaves like a fluid.

In Fig.1.4 is reported, in a log-log scale, the expected behavior of a creep ex-
periment. Initially, the deformation grows quadratically because of inertial
effects [], at longer times we observe two possible responses: if the applied
stress is smaller than o, the deformation + reaches a plateau, the deforma-
tion velocity goes to zero and the apparent viscosity diverges, indicating that
such a system can’t be described as a liquid; if o > o, the deformation grows
linearly with time, the deformation velocity and the viscosity reach a finite
value.

In 2002 Coussot and colleagues proposed a model to rationalize the yielding
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Figure 1.4: Response to a creep test for a yield stress fluid in the solid (red
symbols) and in the liquid (blue symbols) region in a log-log scale. The initial
regime is dominated by inertial effects and 7 o t2, then the material reaches a state
of constant deformation if the stress is smaller than the yield stress, while if the
stress exceeds the yield stress the shear rate reaches a constant value. The initial
decrease of the viscosity is not a genuine effect and it is just the effect of the inertia
of the measurement system, while the divergence for long times for the solid regime
simply indicates the fact that the mechanical state can’t be described in terms of
the viscosity.

transition in terms of viscosity bifurcation (infinite viscosity in the solid state
versus finite viscosity in the fluidized state) [31]. In this work the authors
show viscosity data, obtained by creep experiments, for three yield stress flu-
ids with quite diverse microscopic structures: a bentonite clay suspension, a
hair gel (polymer gel) and a colloidal glass (Laponite RD).

The three systems are yield stress fluids and indeed they exhibit a yielding
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Figure 1.5: Panel a)-c) Viscosity bifurcation observed by creep experiments for
(from left to right) bentonite in water, polymer gel, colloidal glass. Panel d) Vis-
cosity as a function of time for different stress values as predicted by the model
presented in the main text (all the quantities are made dimensionless). Adapted
from [31].

transition depending on the applied stress Fig.1.5. The authors propose a
very simple physical model to describe, with a unique mechanism, the vis-
cosity bifurcation. In the model, the viscosity is attributed to the presence
of a structure parametrized by a "structure parameter" A that indicates, for
example, the degree of flocculation, or the fraction of bonded particles; the
relation between the viscosity and A is phenomenologically assumed to be a



non-homogeneous power law
n=mno(l+A") (1.4)

In the model, the structure may change because of the shearing condition:
it is partially destroyed by the flow but it is also able to heal because of
the reversibility of its bonds. A straightforward implementation of these
mechanisms is provided by the following equation:

dx 1

— = — —aM 1.5

dt T 7 (15)
where 7 is the structure recovery time, and « describes the destructuration
effect of the shear. The shear rate, of course, depends both on the viscosity
and on the applied stress:

o =0\ (L6)

We end up with a closed system of equations that can be solved to obtain
the evolution of the viscosity for different applied stresses. In particular a
critical value of the stress o, that marks the transition, emerges from the
model. The results reported in Fig.1.5 (d) well capture the qualitative be-
havior of the viscosity that diverges for ¢ < o. and reaches a finite plateaus
for o > oe.

In this example we can see how a microscopic description based on few pa-
rameters, with a clear physical meaning, gives a great insight on the mech-
anism that rules such a complex non-linear mechanical behavior.

If we could access experimentally these, or equivalent, microscopic fea-
tures, we would have a deeper understanding of the yielding transition and
a better control of the mechanical behavior of yield stress fluids.

Beyond viscosity bifurcation: Before moving to the discussion of the
microscopic side of yielding, let us mention some very interesting and impor-
tant phenomena that are not captured by the viscosity bifurcation picture.
Even though we will not discuss these phenomena in detail, it is worth to
go through them because they are good examples of interesting mechanical
phenomena that would benefit from a deeper microscopic understanding.

First of all, yielding is not a sharp transition: in Fig.1.6 adapted from an-
other work of Coussot and colleagues [30], we can see some intermediate
behaviors incompatible either with a solid or with a fluid. An important
intermediate behavior is found when the deformation increases sub-linearly,
implying no plateau in the deformation v — oo and, at the same time, a
vanishing velocity 4 — 0: this is called creep regime. The creep regime can,
or can not, be followed by a delayed yielding: an abrupt speed up of the
deformation taking to a flow with a finite deformation rate. Both creep and
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Figure 1.6: Creep test for a) Mustard, b) Bentonite suspension, c¢) Hair gel. From
the bottom to the top the applied stress increases. The three different samples
show an elastic plateau for small stress, a fluid region for the highest stresses and
a transition region showing delayed yielding and non stationary flow (creep) at
intermediate stress. Adapted from [30].

delayed yielding observed here for soft materials have their analog in hard
materials, from metals to the Earth crust. When subjected to a continuous
stress, after a period of latency, they abruptly start deforming and eventu-
ally break. Since from a macroscopic point of view there are no clear signs
of the imminent yielding, precursors are sought in the microscopic structure
and dynamics [1], [62], [31].

After briefly covering the macroscopic signatures of yielding in creep ex-

periments, we can move to a microscopic inspection and we will do it by
reviewing a series of works that combine mechanical tests and microscopical
observations.
The latter were carried out using different techniques, e.g. ultrasound
speckle velocimetry, light scattering and confocal microscopy. For
the reader that is not familiar with these techniques, their brief sketch can
be found in boxes accompanying the main text.

Scattering: General features

In scattering experiments, a coherent field is sent onto a sample and interacts
with it to then be scattered in directions different from the incoming one.
From the analysis of the scattered signal one can learn about the microscopic
configuration and dynamics of the scatterers. The more widespread probe
field that are used in the investigation of soft materials are: electromagnetic
fields at different frequencies (visible light and x-rays), particles (such as neu-
trons), acoustic fields. Despite some peculiarities of the different scattering
techniques, we can list some of their common features:

e the signal is an average over the scattering volume, determined by
the beam size, and the inspected length scale is roughly fixed by the
scattering vector q.




e quantities such as structure function, mean square displacement
(MSD“) and higher order moments of the displacement probability
distribution are accessible using different correlation functions.

“Defined by equation 1.12, and discussed in Chapt. 3.

1.2.1 Creep and flow inhomogeneities

Rheological experiments probe macroscopic samples and make assumptions
on the shape of the deformation field'. This assumption relies on the ho-
mogeneity of the material. We will see that close to the yielding point even
small inhomogeneities have a dramatic effect and lead to big inhomogeneities
in the deformation field: different part of the sample are subjected to differ-
ent local deformations v(x). Addressing this point is very important: first
of all we need to know the local value of the macroscopic quantities if we
want to relate them to some microscopic behaviors.

Rheology: Deformation field

The application of a macroscopic deformation Az does not produce, in gen-
eral, a uniform deformation field. We can describe the process triggered by
the application of a deformation and leading to the stress response as fol-
lows: one imposes a macroscopic deformation, that produces a heterogeneous
deformation field v(x). Each part of the deformed material reacts with a cer-
tain stress o(x), whose sum over the sample volume gives the macroscopic
stress
Az — y(x) = o(x) = or.

One controls the macroscopic quantities: Axz and op and wants to infer the
relation between local quantities: y(x) and o(x).

Clearly, if the deformation field is homogeneous, the local and the macro-
scopic quantities coincides.

A series of works from Manneville and coworkers systematically addresses

the assumption of flow homogeneity and shows how this is often violated in
correspondence with the yielding transition.
In Ref. [39] the authors combine creep experiments, carried out in a "small-
gap" Couette geometry [1.7], with ultrasonic speckle velocimetry (USV) ob-
serving at the same time the evolution of the rheological response and the
evolution of the velocity profile within the rheometer gap.

1See also deformation field box1.2.1.




Scattering: Ultrasonic Speckle Velocimetry

USYV is a space-resolved ultrasound scattering technique. An ultrasound
coherent pulse is sent into a sample that was previously seeded with glass
beads. The beads scatter the sound wave, producing a speckle field reflecting
the scatterers distribution along the beam. Cross-correlation over various
pulses allows the reconstruction of a 2D velocity profile. This technique has
been adapted to rheological experiments performed in Couette geometry |77].

Rheology: Couette

In this geometry, the material is confined between two coaxial cylinders of
radii R; and R,. Usually the inner cylinder is the rotating one Fig.1.7. The

shear stress field is:
T

alr) = 2w Hr2’
where T is the total torque, H is the height of the cylinder and r the distance
from the center. In the simple case of an oscillatory experiment in the
linear regime (if maxz(o) << o0y) deformation amplitude will be linearly
proportional to the stress

(1.7)

o(r) o< o(r)

Things become much more complicated in the non-linear regime.
In the limit of small-gap Couette, usually defined as % < 5%, both the
stress and the shear rate are considered homogeneous.

Parallel plates Cone and plate Couette

Figure 1.7: Typical geometries for shear rheology experiments. The sample is
confined between a fixed surface and a moving one. Adapted from [37], [29].

The studied sample is a soft glass: Carbopol ETD 2050, a model system
for yield stress fluids. Panel one of Fig.1.8 shows the temporal evolution of
the mean shear rate, measured by assuming an affine deformation field. From
the study of this macroscopic observable we can highlight three different
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Figure 1.8: Creep experiment on Carbopol ETD 2050. Panel 1. Temporal evo-
lution of the macroscopic shear rate 4(t) after the application of a constant stress
o at time ¢ = 0. Panel 2): velocity profiles v(r), where r is the distance from
the rotor, at different times, symbol corresponds to Panel 1). On each profile, the
upper value of the velocity scale is set to the current rotor velocity vy so that the
slip velocity vy at the rotor can be read directly as vs = vg — v(r = 0). Adapted
from [39].

regimes: an initial creep regime, where v o t'/% and 4 o t=2/3; followed
by a "multi-step" yielding regime; eventually a stationary flow condition
is reached. Panel two of Fig.1.8 shows the velocity profiles obtained with
USV. Interestingly, while at the beginning and at the end of the experiment
the velocity profile v(r) is linear in r (affine deformation field), during the
yielding process the deformation field is markedly non-affine, implying a
non-homogeneous shear deformation «(r) and shear rate 4(r) that do not
correspond to the values measured with the rheometer. Thanks to USV it
is possible to observe that only part of the sample is fluidized and that the
fluidization process starts from the inner cylinder (rotor) and progressively
invades all the gap.

It is very well known that Couette geometry produces an inhomogeneous
stress field, with a stress concentration at the inner surface [37]:

o X %2 (1.8)
and so one can expect yielding to occur at the inner surface at first. The
geometry used in ref. [39] had a gap of 1.1 mm, an inner radius R; ~ 24 mm,
a percentage difference of % ~ 4% taking to a stress percentage difference
of % ~ 8%. Surprisingly enough, such a small difference in the stress
leads to very different local deformations. During this transition process the
percentage of fluidized sample increases and a progressive speed up of the
deformation is observed. We also point out that the stress inhomogeneity
does not produce such dramatic effects at the beginning and at the end of the
experiment: i.e. when the whole sample is either unyielded or yielded. Qual-
itatively similar behavior is observed for a Couette geometry with smooth
boundaries.
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These experiments show that in the proximity of yielding the assumption of
homogeneous stress field is very delicate and even small deviations can have
a dramatic impact on how the solid to fluid transition occurs. Every time
we want to build a connection between the macroscopic and the microscopic
sides of yielding we have to be sure that, at list macroscopically, the system
can be treated as homogeneous. If this is not the case the microscopic ob-
servation won’t be representative of the whole system.

For a microscopic description of yielding we now want to study the sys-
tem’s dynamics at the length-scales of its elementary components.

1.2.2 Creep and microscopy

An increasingly popular technique that can be combined with mechanical
tests is confocal microscopy: with this technique it is possible to iden-
tify in three dimensions the positions of single micrometric particles and
reconstruct their motion with high spatial and relatively high temporal res-
olutions. In this way, not only information on the mesoscopic flow, but also
on the microscopic rearrangements becomes accessible. The main drawback
of this approach is that the high spatial resolution is obtained at the expense
of the probed volume extension: only a small part of the sample is inspected
and so one has to necessarily assume that both the macroscopic and the
microscopic behaviour are homogeneous in the different parts of the sample,
but, as we have just seen in the previous section, this is not always the case.

Confocal microscopy is a fluorescent microscopy technique that, thanks to
its extraordinary resolution in the direction of the optical axis (~ 1um),
can be used to scan the sample in 3D and to build a 3D image of the sam-
ple. A classical technique to achieve this resolution is the so called laser
scanning microscopy, in which the main idea is to illuminate the sample
"point-by-point", the main drawback of this strategy is the relatively long
time required to scan a certain volume, which makes confocal microscopy
suitable for slowly-evolving samples. An important advantage of fluorescent
microscopy is that, working in reflection, requires only one optical entrance.
This allows to couple it with a rheometer mounting a cone plate geometry
Fig.1.7, that produces a homogeneous deformation field.

In a recent work, Sentjabraskaja and coworkers [107] use confocal mi-
croscopy to study the microscopic shear-induced dynamics in a colloidal glass
at various stages of a creep test.

12



PMMA Colloidal Glasses

Colloidal glasses are model systems of amorphous soft materials. A widely
used system is a dispersion of PMMA (PolyMethyl Methacrylate) colloidal
particles in organic solvent (typically Decalin). The interest in this system
is motivated by a number of factors: from an experimental point of view
PMMA particles are quite easily synthesized, their interaction can be eas-
ily tuned (making them attractive or repulsive) and, varying the particles’
concentration and interaction, a very rich phase diagram can be explored.
PMMA can be fluorescently labeled in such a way to be individually imaged
even at high concentrations using confocal microscopy [35].

The possibility of experimentally tune these microscopic parameters moti-
vated a number of theoretical works and simulations, making PMMA colloids
the ideal benchmark for the study of many phenomena in the soft matter

field [99], [94], [73], [5], [66], [53]-

The rheological measurements are performed in a cone-plate geometry
that ideally produces a perfectly homogeneous stress and deformation field.

Rheology: parallel rotating plates & cone-plate

e The sample is confined between two parallel plates, at a distance H,
one of them is fixed and the other rotates Fig.1.7. In this geometry the
local deformation depends on the distance from the center of the disks.
If the moving plate rotates of an angle €2 the resulting inhomogeneous
deformation field is:

r
r)=Q—. 1.9
1) = 0 (19)
e In a cone and plate geometry the top plate is substituted with a
truncated cone, whose virtual vertex exactly falls on the bottom plate.
This way the gap depth H(r) depends on the distance form the center.
As a consequence, a homogeneous deformation field is produced:

T 7 Q

Y =gy = Ysint@y) ~ sn(dy) (1.10)

where 0y is the angle of the cone.

The authors explore flow (y o t) and creep conditions (y o t1/2)
Fig.1.9] comparing the macroscopic shear deformation and the non-affine
mean square displacement A'I“I%I A measured with particle tracking.
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The principle of PT is to track the position of a particle at different times
to reconstruct its trajectory and compute, for example, the particle’s mean
square displacement. This is done in a almost completely automated by way
acquiring a microscopy movie with a digital camera, and analysing it with
specific algorithms. Once Z;(¢) the series of positions assumed in time from
a certain particle, is available, one can compute quantities such as the mean
displacement in a time lag At:

AZ(AL) = (Z(t) — Z(t + At))+ 5, (1.11)
or the mean squared displacement
AZ(AL) = (|B(t) — Bt + AP 5, (1.12)

or the complete displacement probability distribution P(AZ(At)), also
known as the van Hove distribution function.
Also static quantities, such as the pair correlation function g(r), can be

measured ]

g(r) = NQ/dr’ c(r') - e(r’ + 1) (1.13)

where ¢(r) is the probability to find a particle in position r.
The particles need to be individually resolved to apply this technique. This
limits the size and the concentration of the traced particles.

The displacement of each particle AZ; can be decomposed in two parts:
the affine and the non-affine. The affine displacement, in a parallel-sliding-
plates geometry or in a cone-plate geometry, is linear with 2z the distance
from the fixed plane and is parallel to the shearing direction (4g = & in
parallel sliding plates, tg = 0 in cone-plate ): AZy = z -~ - Ug. Microscopic
deviations from the affine displacement are due to the fact that the material
is not homogeneous on the length-scale of its own structure. The affine part
is measured by averaging the displacements over all the particles: AZy =
(AZ;);. The non-affine displacement is : AZ; na = AZ; — AZ 4. In their
work Sentjabrskaja and colleagues consider non-affine displacements only
in the vorticity direction ¢, since there is no affine displacement along g:
Ay = Ayna.

The deformation - follows the expected behavior: an initial quadratic inertia-
dominated response and then ~y follows either a linear or a sub-linear increase
with time, depending on the value of the applied shear stress o as compared
to the yield stress o,. Remarkably, also the A:UQN A for large enough time,
follows a power law dependence on time, with the same exponent as the
shear deformation . The link between the microscopic dynamics and the
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Figure 1.9: Creep test for colloidal glass. a) Deformation v as a function of time,
in the flow regime (blue) and in the creep regime (red) b) Correspondent non-affine
mean square displacement. The green vertical line marks ¢ = 7y, approximately
where the linear behavior sets in. Adapted from [107].

deformation remains elusive during the initial part of the experiment and
the transition times are different for the macroscopic and the microscopic
responses (the vertical green line in Fig.1.9 marks the macroscopic transition
time 79 ). The experimental observation is striking but the understanding
of this correspondence remains unclear.

The authors define a space-resolved activity ®(R) as the integral

o(R) = [ Ackato) (1.14)
V(R)

where Ax%, (tp) is the non-affine MSD at the shortest time delay and V(R)
is a volume centered in R Fig.1.10. From the temporal evolution of these
maps in the initial regime (before 79) an interesting distinction between the
creep and the flow conditions emerges: in the first case the extent of the
regions involved in the non-affine rearrangements £ is constant, while in the
second case (o = 5oy) it grows sub-linearly £ o t2/3 Fig.1.10 (g).

This difference is intriguing and intuitively could be related to the sys-
tem flow (or deformation) properties, but at this stage the interpretation of
the connection between the microscopic and macroscopic properties is not
straightforward.

A better understanding of the early stages of the process would be par-
ticularly interesting in the spirit of predicting the solid to liquid transition,
but the data obtained in that region are very noisy and this is likely due
to the fact that the initial behavior is non-stationary, which precludes the
possibility (or questions the opportunity) of performing temporal averages.
The poor statistics in the transient region is an important limitation that is
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Figure 1.10: Panels (a) to (f): activity maps before reaching the steady state
condition: for t/79 = 0.025;0.20;0.27;0.43;0.53;0.8. The size of the active zones
does not increase for o = o, (yield stress) while it does for o = 50,,. (g) Width of
the activity correlation function for ¢ = 50,. Adapted from [107]

intrinsic of creep tests. It would be interesting to check whether other me-
chanical protocols provide better conditions for a microscopic investigation.

1.3 Stress growth experiments

Creep is not the only method to study yielding?: an alternative approach is
provided by stress growth experiments. In this case, instead of applying
a constant stress, one applies a deformation at constant strain rate. These
experiments are usually done at relatively low shear rates in order to min-
imize the shear rate-dependent effects. These tests are usually faster than
creep tests. The typical response is sketched in Fig.1.11 a). Initially, we

Start up

107! 10° 10 10?

a) time o v

Figure 1.11: Panel a) Schematics of stress vs strain in a Stress Growth shear
experiment. In these experiments the strain rate is imposed, so that strain grows
linearly with time, and the stress evolution is followed in time. Depending on the
sample and on the strain rate the stress may, or may not, exhibit an overshoot.
Panel b) Data for Carbopol Ultrez U10 at different weight fractions ([1.5, 0.75, 0.5,
0.1] %) c) Data for a commercial hair gel (Albert Heijn) based on Carbopol. b) and
¢) adapted from [30]

observe a linear increase of the stress: this is the linear elastic contribution
o = G7y. At a certain point the stress deviates from linearity, in this phase a
stress overshoot may or may not be observed (the origin of this overshoot is

2A short review of the more commonly used methods can be found in ref. [36]
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still matter of debate). At longer times the stress o reaches a plateau: this is
the stationary flow condition. As reported by Bonn and coworkers [30], it is
difficult to locate the point where deviation from elastic behavior starts, the
main reason being the difficulty in discriminating between non-linear elastic-
ity and plasticity. Both produces deviations from the linear behaviour but,
while the former is a reversible process, the latter is not and its occurrence
deteriorates the material’s mechanical properties. A pragmatic way to esti-
mate the yield stress o, and the yield strain -y, is from the intersection of the
linear elastic behavior with the asymptotic value of . The physical inter-
pretation of the so defined quantities is not straightforward as compared to
the yield stress and strains defined in creep tests and the discussion on how
the results obtained for different yielding test can be matched is a matter of

debate® [36], [39].

1.3.1 Stress growth and flow inhomogeneities

Manneville and coworkers combine the same USV approach used in ref. [39]
with stress growth experiments [10]. The geometry is again a Couette, the
velocity map spans the whole gap with a resolution of R ~ 100 um (pixel
size) and a sensitivity to displacements up to dz ~ 1 m.

Similarly to what previously seen in creep experiments, the velocity field is
far from being affine and the change of slope in the velocity profile indicates
the presence of shear bands: different parts of the sample are character-
ized by different velocity gradients (local v and +). Shear banding is known
to occur for thixotropic samples® even at steady state. What is somehow
surprising in these experiments is that the authors observe transient shear
bands for simple yield stress fluids (i.e. non-thixotropic). In Fig.1.12,
panel 1. the evolution of stress versus time is reported for 4 = 0.7 s~!. The
measured stress shows a long time transient before stabilizing, analogously
to what observed for the strain rate in Ref. [39]. In the insets the velocity
profiles are reported for different phases of the transient of Fig.1.12 1. Sim-
ilarly to what happens for thixotropic samples, the gap is roughly divided
in two zones with two different velocity gradients. The portion of fluidized
sample gets larger with time Fig.1.12 2. and the total stress decreases pro-
portionally. We notice that a relatively weak stress evolution corresponds
to a quite dramatic change in the local velocity gradient and also in this
case the assumption of homogeneous flow is found to be inappropriate. The
authors exclude stress inhomogeneities as a possible cause of the transient

3This debate is not the main focus of our attention: we are looking for the best exper-
imental condition that allows us to learn something on the microscopic mechanism ruling
yielding and a faster and more reproducible test may help to this end.

4Thixotropic yield stress fluids are characterized by a critical shear rate 4. below which
they can not flow. If one tries two impose a strain rate 4 < . the sample naturally
separates in two bands: a solid one with a zero local shear rate: 41 = 0 and a fluidized
one with a local shear rate larger that the critical one: 41 > 4. [38],[31]
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Figure 1.12: 1. Stress growth experiments in Carbopol ET D2050, strained at
4 = 0.7s7!. In the main plot stress vs time. Notice that the focus here is on
the long time behavior (the stress growth Fig.1.11 happens in the initial part of
the experiment that is not reported in this graph). In the insets of panel 1 the
velocity profiles v(r) at different temporal stages of the experiment, inset’s symbols
corresponds to symbols in the main plot. 2. a) Temporal evolution of the width of
the fluidized band § normalized by the gap width e, §/e = 1 defines the fluidization
time 7. b) Fluidization time 7 as a function of the imposed shear rate, for different
gap width and boundary conditions. Adapted from [10].

shear band, stating that the same scenario is observed with a cone-plate ge-
ometry, but they don’t show data to support this statement. On the other
hand, they show that the fluidization time does not change for different gap
widths and so for different stress inhomogeneities since % ~ 2ng—i"f Fig.1.12,
panel 2. (b).

1.3.2 Stress growth and microscopy

In a recent work, Laurati and colleagues use a phenomenological model to
connect microscopic behaviour and mechanical response of a colloidal glass in
a stress growth experiment |70]. The model, originally developed to describe
linear elasticity in amorphous materials [117], predicts the elastic modulus
G from the number of long-lived neighbours. Two particles are defined to be
long lived neighbours if their distance remains below a certain threshold Arg
while they are strained for a certain deformation interval from (v — v,,/2)
to (7 + Yw/2), where 7, is simply the width of the deformation interval. A
confocal microscope is coupled with the rheometer. Particles are imaged and
individually tracked in order to extract the number of long-lived neighbours
n(vy) at different stages of the deformation Fig.1.13 and the instantaneous
pair correlation function g(r)°. Differently from USV, confocal microscopy

SReference to Particle Tracking box 1.13.
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can be combined with a cone-plate geometry, that ideally produces a per-
fectly homogeneous displacement field. The total stress is modeled as the
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Figure 1.13: Stress growth experiments on colloidal glass. Panel 1. Stress o as
function of ~, symbols correspond to rheological data, dotted line is the modeled
elastic contribution to the stress og, dashed lines are the modeled visco-elastic
cont